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l     CHAPTER 1
GENERAL INTRODUCTION
Maxillofacial surgical procedures of the lower jaw, such as wisdom tooth removal, 
osteotomies, bone-harvesting procedures or placement of dental implants, are all 
associated with a significant risk of unintentional impairment of the inferior alveolar  
nerve (IAN). Iatrogenic damage of the IAN can cause a broad range of altered 
sensory perception. This may result in either transient or persistent paraesthesia, 
anaesthesia or even disabling dysaesthesia, mostly affecting the lip and chin region, 
including the oral mucosa and gingiva in that area. 
In the past decades, implantology has evolved at high speed. Today, it is the 
optimal treatment solution for adequate prosthetic rehabilitation. The general goals  
of implant treatment are restoration of the original aesthetics and masticatory  
function, with the expectation of long-term benefits in quality of life.1-5 However,  
as the number of installed dental implants increase, so does the related risk  
of nerve damage. Thus, any gain in quality of life may vanish when the IAN becomes 
damaged. 
The afferent IAN provides sensation to the area of the mandibular teeth, gingiva, 
the chin and lower lip region.6-8 The axons are activated by different stimuli such 
as touch, pressure, damage and heat and provide this sensory information to the 
brain.9 In Seddon’s classification of peripheral nerve injury (Figure 1), three levels 
of damage are described. In neuropraxia, the continuity of the endoneurium,  
perineurium and also the epineurium are preserved. Compression, or prolonged 
traction of the nerve, causes a temporary disturbance of conduction. In axonotmesis, 
the degree of damage involves loss of continuity of the axons; however, the supporting 
structures (epineurium and perineurium) remain intact. Neurotmesis is the most 
severe injury in which the nerve has been damaged completely, and the axon, myelin 
sheath and its encapsulating connective tissue have lost their continuity.11
BACKGROUND
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Figure 1. Nerve injury according to Seddon’s classification.10
 
The duration and severity of nerve damage determines the loss in quality of life  
of the affected patient. Injury to the IAN is associated with significant patient burden,  
especially when the harm is permanent, since it even can cause neuropathic  
complaints.12-14 Patients complain about loss (anaesthesia) or decrease in sensation  
(hypaesthesia). Sometimes they suffer from an abnormal perception, often described 
as pinching or itching (paraesthesia), even if there is an absence of any stimulus.  
Also, unpleasant burning sensations (dysaesthesia) and pain (allodynia) are  
reported.8,12,15-17 These physical disturbances can cause psychological and social 
impairment, which may result in, for example, diminished pleasure of eating and 
drinking, a decreased ability to speak and a decline in kissing. IAN damage affects 
relationships and the ability to work and can even result in anxiety and depressions, 
resulting in a decline in quality of life.12-14
Therefore, a proper pre-surgical assessment of the mandibular canal, to preserve 
its neurovascular bundle and to prevent above-mentioned complications, is mandatory. 
Pre-surgical gathered information can also be used during the informed consent 
process, especially, when the risks on complications are discussed with the patient. 
Defining the position and size of the mandibular canal, in which the IAN is seated, 
is a challenge, because there are many anatomical variations.18-21 Not only do the 
course and the diameter of the canal vary, there is also a huge variation in the  
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configuration of the mandible itself; the surrounding mandibular bone surface sizes 
and cortical thicknesses fluctuate substantially.22,23 The surgeon should be informed 
properly about these features, because mandibular bone surface dimensions are 
used to determine the exact position of the mandibular canal within the mandibular 
body. In addition, the macro-architecture of the bone is an important factor  
in establishing the correct strategy in implant installation, as it is one of the most 
crucial factors to successful implant stability and osseointegration.24-29 
Various imaging techniques are available to visualize the mandibular canal and 
its surrounding bone. Conventional panoramic radiographs, multi-slice computed 
tomography (MSCT), magnetic resonance imaging (MRI) and cone beam computed 
tomography (CBCT) are mostly used (Figure 2). Each imaging modality has its  
unique advantages and limitations.30 
PANORAMIC RADIOGRAPHS 
Panoramic radiography is accomplished by rotating a vertical narrow beam  
of radiation in a horizontal plane around the patient, producing a sharp image layer, 
resulting in a complete view of both dental arches. Objects that are within the  
selected image layer are clearly visualized. As a result the mandible is reasonably 
well defined and visualized in a two-dimensional (2D) panoramic radiograph.
However, the mandible must be positioned correctly within the image layer. The 
further the position and shape of the mandible deviates from this plane of acceptable 
detail, the greater the distortion. Panoramic images are also prone to magnification, 
superimposition and misrepresentations of structures. The height of the mandibular 
canal, as displayed on the panoramic radiographs, is determined not only by its real 
vertical (craniocaudal) position but also by its horizontal (buccolingual) position 
within the mandibular body, and the latter information is not provided by panoramic 
radiography. Often, it is even hard to distinguish the canal at all from its adjacent 
bone. Obviously, panoramic radiographs lack the advantage of displaying multiplanar 
views and three-dimensional (3D) reconstructions.
Panoramic radiographic images are displayed larger than in reality. This  
enlargement varies between region and direction. It tends to be larger in the maxilla 
than the mandible and varies between 21% and 29%. The horizontal enlargement 
is slightly more in the anterior region of the lower jaw and varies between 12% and 
44%. On average, a magnification of 25% is expected.31-35 
Surgeons always have to maintain the exposure to radiation for the patient  
according to the ALARA (As Low As Reasonably Achievable) principle. Compared with  
CBCT and in particular MSCT, the radiation dose of panoramic radiography is low.  
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The radiation dose of a CBCT scan is five to 74 times the dose of a panoramic  
radiograph.36,37 Moreover, costs of panoramic imaging are low and panoramic  
radiographic scanners are easily available.6,30,38,39 In dental implant surgery,  
the conventional panoramic radiograph is the most widespread and applied  
examination tool to assess the mandibular canal and the mandibular bone.30 
MULTI-SLICE COMPUTED TOMOGRAPHY
In MSCT, a radiographic tube emits a fan-shaped X-ray beam while rotating 
around the patient. Multiple detectors are placed next to each other so the scanning 
device can collect multiple slices of data at the same time. Subsequently, computer  
algorithms are used to analyze the digitalized data from the detectors to create 
tomographic images.40 
MSCT imaging overcomes a lot of the weaknesses of the panoramic radiograph 
and can be of added value when important anatomical structures cannot be detected 
clearly on panoramic radiographs. In MSCT imaging, superimposition and  
misrepresentations of structures are not present. Furthermore, MSCT allows accurate 
assessment of bone volumes and mandibular canals in relation to adjacent anatomical 
structures, because of its ability to generate multiplanar and 3D views.  
The data of a MSCT scan can be used in combination with 3D image-based planning 
software, allowing virtual surgical planning. Next, CT-based surgical guides can  
be manufactured, to achieve optimal implant placement.30,38,41 
An advantage of MSCT scans is that the Hounsfield scale can be applied.42,43  
In MSCT, the Hounsfield Unit is proportional to the degree of X-ray attenuation  
by the tissue. This enables identification of anatomical structures and provides  
a quantitative assessment of bone density.42-44 
A major drawback of MSCT is the relatively high radiation dose.45 In addition, 
metal restorations cause scatter and beam hardening artefacts, which can obscure 
the regions of interest.30,38 Furthermore, anatomical structures are not always imaged 
accurately. For example, the wall of the mandibular canal can be so thin that the  
degree of X-ray attenuation is too low to be depicted on a CT scan. On the other 
hand, in reality, such a thin wall can also be partially absent.18,41 The availability and 
affordability of MSCT is less compared with panoramic radiography and CBCT.30,46
MAGNETIC RESONANCE IMAGING 
MRI scanners use strong magnetic fields and radio waves for the depiction of all 
kind of tissues. In these tissues, the protons (hydrogen atoms) spin and create  
a small magnetic charge. When a strong magnetic field is introduced deliberately, 
these protons align with this field. Introducing a radiofrequency pulse disrupts this 
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induced proton alignment and changes the angle of rotation. Since the radiofrequency 
pulse forces the protons against their nature, once this pulse is turned off, the protons 
realign with their magnetic field, releasing an electric magnetic energy along their 
way. The contrast between different tissues is determined by the rate at which  
excited protons return to the equilibrium state.47 
The major advantage is that MRI does not use any ionizing radiation, unlike CT 
scans and other X-ray techniques do. In MRI scans, the intra-osseous course of the  
inferior alveolar neurovascular bundle within the mandibular canal can clearly  
be visualized. This overcomes imaging problems as seen with CT imaging, in which 
visualization of the IAN depends mainly on the presence of the bony wall of the  
mandibular canal.30,41,48-52 Especially within edentate patients, the nerve can  
be depicted properly. In dentate patients, however, artefacts due to the presence  
of dental casting alloys and (titanium) implant materials still may occur.53,54  
Furthermore, MRI views provide good details for bony structures. It distinguishes 
between cancellous and cortical bone and is suitable for assessing bone volumes.55-57 
Due to the strong magnet forces used during scanning, MRI examinations are  
contraindicated in patients with metal foreign bodies and with certain types  
of medical metal devices. These strong magnetic fields might cause movement  
of foreign bodies or affect the function of medical devices. Furthermore, patients 
suffering from claustrophobia cannot be imaged, or they necessitate sedation  
to complete the scan, because most MRI scans require placement of the patient  
in a long narrow tunnel. Because MRI scans are not readily available for general 
practice and because they are expensive, they are not a commonly used technique 
for pre-surgical assessment of the IAN and mandibular bone in dental surgery.30  
Compared with MSCT and CBCT images, the image resolution of MRI is worse,  
resulting in less detailed information about anatomical structures. Furthermore,  
the acquisition time is significantly longer for MRI images, which results in a higher 
risk of movement artefacts. 
CONE BEAM COMPUTED TOMOGRAPHY
Imaging in a CBCT scanner is accomplished by using a rotating arm, which  
contains an X-ray source and an opposed detector. A cone-shaped X-ray bundle  
is directed through the middle of the area of interest onto a flat panel detector  
(or image intensifier) on the opposite side. The X-ray source and detector rotate 
around the centre of the region of interest. During such a rotation multiple  
sequential planar projection images of the field of view (FOV) are acquired. In this 
way, the complete FOV is imaged within one rotation. The images received by the 
detector are reconstructed as multi-planar reconstructions, enabling the clinician  
to reformat the data into any desired plane.30,37,58 
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CBCT and CT scanners share similar properties. The position and dimensions 
of the mandibular canal and bone thicknesses can be assessed in multiple directions. 
In addition, 3D reconstructions and models can be generated from the available 
data. The volumetric CBCT data can also be exported and viewed with 3D image-based 
planning software. As with CT images, it is not the IAN, but the mandibular canal 
that is depicted. 
A disadvantage of CBCT is the lack of correct Hounsfield Units; areas with the 
same structures do not result in the same Hounsfield Unit. In CBCT views, the degree 
of X-ray attenuation is displayed by grey scale (voxel value). The manufacturers  
of dental CBCT systems are not yet able to use a standardized system for scaling the 
grey levels representing the reconstructed values. Therefore, it is difficult to interpret 
or to compare these grey levels.42-44 
Furthermore, CBCT displays suffer from streaking scatter artefacts (although less 
than in MSCT images), beam hardening artefacts and poor soft tissue contrast. The 
major advantage of CBCT compared with MSCT is that the effective radiation dose, 
which is substantially lower. CBCT scans are therefore preferable.30,37,58,59 
Throughout the past decade, CBCT scans have been becoming more popular, and 
this technology is used more often. MSCT is now generally accepted as an accurate 
tool for measuring bony structures of the mandible. However, when the errors  
of linear measurements on CBCT images are compared with the errors of linear 
measurements on MSCT, in literature, the results are not consistent. In most cadaver 
studies the accuracy of linear measurements on MSCT images are better; however 
Soumalainen et al. report better outcomes when CBCT images are used.60-63  
The effective radiation dose of a CBCT scan compromises only 1.5% to 24.8%  
of the dose from an MSCT scan. If it can be expected that CBCT images provide  
sufficient information, these are preferable.37,64-66 Compared with MSCT, the costs 
of CBCT are low.46,67 Panoramic radiography, however, is less expensive.68
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Figure 2. Images of a mandible of one patient, acquired using panoramic radiography, 
multi-slice computer tomography (MSCT), magnetic resonance imaging (MRI)  
and cone beam computer tomography (CBCT).
Panoramic radiography
MSCT MRI CBCT
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THESIS OUTLINE
Preventing impairment of the IAN during surgery is essential. CBCT data are used 
increasingly to assess the mandibular canal in pre-surgical assessment.58 The course 
of this canal can be visualized using 3D image-based planning software. For this  
purpose, the mandibular canal is marked manually and a virtual tube is created.  
In order to achieve this, the CBCT data can be assessed in multiple directions.  
In clinical practice, especially coronal planes and panoramic radiographic slices,  
as well as the combination of both, are used. It is unclear which of these methods 
can be used best to obtain a reproducible mandibular canal tracing. This question 
will be answered in chapter 2. 
The position and the diameter of the mandibular canal are of special importance  
in the pre-operative assessment. Therefore, the accuracy of using these two  
parameters on CBCT images will be analyzed in chapter 3. 
The accuracy of the displayed surface sizes of the mandibular bone is also  
important. Moreover, not only bone surface size matters; also the thickness of the 
cortical layer plays an important role in treatment planning and surgical  
outcome.24-29 Therefore, in pre-operative assessment, both bone surface size and 
cortical thickness should be considered. In chapter 4, these measurements will  
be investigated. 
Manual marking of the position of the mandibular canal is a time-consuming  
procedure.69 Therefore several automatic mandibular canal tracing methods have 
been developed.44 Because the automatic mandibular canal tracing should  
represent the real anatomic course of the canal, its accuracy will be examined  
in chapter 5.
In third molar removal procedures, the nearness of the root of the third molar  
to the mandibular canal is assessed routinely on panoramic radiographs. To provide  
additional information, CBCT views are often ordered, to investigate the third  
molar–mandibular canal relationship more thoroughly. Chapters 6 and 7 address  
the accuracy of the assessment of the mandibular canal when it is located adjacent  
to the third molar. In chapter 6, the relevance of pre-surgical investigation of this 
relationship on CBCT views in reducing patient’s morbidity will be studied. Also,  
risk factors associated with IAN injury will be identified. In chapter 7, the clinical 
relevance of studying bifid and trifid canals on CBCT views, when located nearby  
to the third molar, will be discussed. 
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OBJECTIVES AND HYPOTHESIS 
The main objective of this thesis is to establish the accuracy of pre-surgical  
assessment of the mandibular canal and body on CBCT views with the use of 3D 
image-based planning software. 
For this reason, the following questions need to be answered:
1.  Which mandibular canal tracing method is most reproducible and can therefore 
be used preferably?
2.  To what degree of precision can the position of a mandibular canal  
be determined on CBCT images after manually marking this canal?
3.  Does the diameter of a mandibular canal, as measured on CBCT images,  
correspond to its measurements on histological slides?
4.  How accurate are bone surface size measurements of a mandibular body? 
5.  Is the cortical layer thickness of a mandible displayed correctly on CBCT 
views?
6.  Is automatic mandibular canal tracing accurate enough to be useful in daily 
practice?
7.  Are CBCT images superior compared with panoramic radiographs in reducing 
the risk for IAN injury when removing third molars?
8.  Which imaging factors on panoramic radiographs and CBCT views indicate  
an increased risk for IAN damage when removing third molars?
9.  Is there any advantage in tracing extra mandibular canals on CBCT images 
when bifid and even trifid mandibular canals are suspected?
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Purpose: To investigate the reproducibility of three different tracing methods  
so determining a reliable method to define the proper anatomical position of the 
mandibular canal based on cone beam computed tomography (CBCT) data.
Material and Methods: Five dentate and five edentate patients were at random 
selected from the CBCT database. Two independent observers traced both the left 
and the right mandibular canal using 3-Dimensional image-based planning software 
(Procera System NobelGuide™, Nobel Biocare, Göteborg, Sweden). All mandibular 
canals were traced using three different methods. Method I was based on coronal 
views, also known as cross-sections. Panoramic-like reconstructions were  
the starting point for method II. The third method combined method I and II.  
Results: With respect to the inter-observer reliability, no significant differences 
(P=0.34) for the various methods were observed. The reproducibility was better  
in edentate than in dentate jaws (P=0.0015). The difference between two tracings 
was the lowest for the combined method; within a range of 1.3 mm in 95% of the 
course of the canal. The most obvious deviations were mainly seen in the anterior 
part of the canal. 
Conclusion: The best reproducible method for mandibular canal tracing is the  
combined method III. Between observers, still a mean 95th percentile deviation 
threshold of 1.3 mm (SD 0.384) is noted, indicating that a safety zone of 1.7 mm 
should be respected. When planning surgery on CBCT-based data, surgeons  
should be aware of the obvious deviations located in the region of the anterior  
loop of the canal.
l   ABSTRACT
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INTRODUCTION
Surgical procedures of the mandible, such as osteotomies, bone harvesting 
procedures, or placement of dental implants, are often involved with a possible 
unintentional impairment of the inferior alveolar nerve (IAN), causing a broad range 
in altered sensory perception.1-9 This may result in either transient or persistent 
paresthesia, anesthesia, or even disabling dysesthesia, mostly affecting the lip and 
chin region.10
The mandibular nerve has a complex course. With its origin at the ganglion 
trigeminale, it branches into the IAN in the infratemporal fossa. At the mandibular 
foramen this sensitive nerve enters the lower jaw and runs in company with the  
mandibular vessels in the mandibular canal anteriorly, gradually crossing from  
a lingual to a more buccal plane. The craniocaudal and buccolingual position and 
the branching pattern of the neurovascular bundle differ within the mandibular body.
At the mental foramen the nerve leaves the corpus mandibula, mostly after a short 
recurrent intrabony course, creating the so-called anterior loop. The shape, curve, 
and direction of this terminal segment are quite variable. In addition, the position  
of the mental foramen itself varies also, although it is mostly situated below the apex 
of the second premolar.11-14 Because of this considerable variation in its course,  
it is difficult to predict the exact position of the nerve, thus frustrating proper 
preoperative planning.
Nowadays panoramic radiographs are the most commonly used diagnostic  
tools despite their shortcomings, such as distortions and two-dimensional (2D)  
visualization.8,10 To overcome misrepresentations of the exact position of the canal, 
correcting magnification factors as well as safety zones ranging from 2 to 6 mm are 
recommended.8,10,12 Nevertheless, conventional multi-slice computed tomography 
(MSCT) scans have strongly improved the precision of the preoperative assessment  
of the mandibular canal since both the height and width of the alveolar ridge can  
be measured accurately in relation to adjacent anatomical structures. A severe 
disadvantage of MSCT, however, is the relatively high radiation dose. Recently, cone 
beam computed tomography (CBCT) was introduced in the field of oral implant  
surgery.15,16 The radiation dose is significantly less and both multiplanar as well  
as three-dimensional (3D) reconstructions are provided. Using 3D image-based  
planning software, it is also feasible to mark the course of the mandibular canal  
at different locations. Subsequently, by interpolating these marks, the canal  
is visualized by creating a virtual replica. This procedure is called mandibular canal 
tracing. To perform such a tracing properly, a coronal or a panoramic radiographic 
slice, as well as the combination of both, can be used. At this moment mandibular 
canal tracing is a manual procedure and therefore incorporates a certain range  
of inaccuracy. The purpose of this study is to determine the reproducibility of the 
mandibular canal tracing for each of these 3 methods.
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MATERIAL AND METHODS
Five dentate and five edentate patients were at random selected from our CBCT 
database, comprising both orthognathic and preimplant surgery patients. The CBCT 
scans were acquired using the i-CAT 3D Imaging System (Imaging Sciences  
International Inc, Hatfield, PA). Data from the CBCT were exported in DICOM format. 
In the planning software (Procera System NobelGuide; Nobel Biocare, Göteborg, 
Sweden), the skull and skin surfaces were segmented by thresholding.
After reconstructing the 3D model, two observers independently traced both the 
left and the right mandibular canal using the 3D image-based planning software. All 
mandibular canals were traced using three different methods. Method I was based 
on coronal views, also known as cross-sections, which depict the mandibular canal 
exclusively in a buccolingual direction (Figure 1A,B). The tracings of the mandibular 
canal in method II were based on panoramic-like reconstructions, which visualize 
the mandibular canal only in an anterior-posterior direction (Figure 2A,B). The  
panoramic reconstruction was generated using the best fitting midline superimposed  
on the overall contour of the corpus mandibulae. The third method combined  
methods I and II. First, panoramic reconstructions were used for a quick tracing.  
In addition, the cross-section images were used for fine-tuning.
Figure 1A. Example of method I, coronal 
view, 3D reconstruction. 
Figure 1B. Example of method I, coronal 
view. The mandibular canal is visualized 
in a buccolingual direction.
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Tracing started with the identification of the mandibular canal. Subsequently, 
the center of the canal was marked. After all slices were spotted, a virtual canal was 
reconstructed. To calculate the intra-observer variation, the same procedure was 
repeated after 1 month and 2 months. Also, the time interval necessary to trace the 
mandibular canals was registered.
To compare the results of the three tracing methods, in-house software was 
developed using MATrix Laboratory (MATLAB, Natick, MA). This program facilitated 
the computation of the difference between the center of two tracings, using a large 
number of evenly distributed points (>10,000). The mandibular canal was measured 
from the mandibular foramen to the mental foramen. This distance was divided  
in four equal parts, representing the first (distal) segment of the mandibular canal, 
the second and third segment imaging the medial course of the mandibular canal, 
and finally the most anterior part of the virtually reconstructed tube. To illustrate 
the difference between the center of two tracings, the 95th percentile threshold was 
calculated (Figure 3, 4). 
Figure 2A. Example of method II,  
panoramic view, 3D reconstruction.
Figure 2B. Example of method II,  
panoramic view. The mandibular canal  
is visualized in an anterior-posterior 
direction.
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Figure 3. Example of a nerve that was traced twice according to the combined method III. 
Figure 4. Differences between the tracings of both observers are visualized. The  
plots were split in 4 equal parts. For each segment the 95th percentile threshold  
was indicated. The most significant differences are localized in the fourth segment.
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Analysis of variance (ANOVA) was used to determine the effect of site (left or right), 
dentition (dentate or edentate), observer, and tracing method. With respect to the 
measurement as recorded by the 95th percentile threshold, statistical evaluation was 
performed using the chi-square test.
RESULTS
The dentate group comprised 2 males and 3 females with a median age of 23 years 
(range 17 to 33 yrs). The edentate patients, 3 males and 2 females, with a median 
age of 62 years (range 54 to 70 yrs) had alveolar resorbtion rates, according to the 
Cawood & Howell classification, ranging from III to VI in the anterior and posterior 
part of the mandible.17 
No significant difference (P=0.34) between the two observers (the inter-observer 
reliability) for all 3 tracing methods was observed. Also, no differences (P=0.61)  
for tracing the left or right mandibular canal was noted (Table 1). 
In the dentate jaws, using the combined method (method III), the differences  
between the center of two tracings were within a range of 1.3 mm in 95% of the 
course of the canal (Figure 5, Table 2). There was a statistically significant difference 
when method III was compared with both method I (mean 95th percentile deviation 
threshold: 2.4 mm) and method II (mean 95th percentile deviation threshold: 1.7 mm). 
 
Table 1. Analysis of variance results for site, method, patient group, and observer. 
Variable (n = 120) P Value
Site: left versus right 0.6056
Tracing Method (I, II, III) 0.0026
Dentate versus edentate 0.0015
Observer 0.3404
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In the edentate jaws, using the combined method (method III), the differences 
between the center of two tracings were within a range of 1.2 mm in 95% of the 
course of the canal (Figure 5, Table 2). There was a statistically significant difference 
compared with both method I (mean 95th percentile deviation threshold: 1.5 mm) 
and method II (mean 95th percentile deviation threshold: 1.4 mm).    
For method II and III for both the dentate and edentate groups, the highest 
differences between tracings were noted in the fourth segment, meaning the most 
anterior segment of the canal, comprising the anterior loop (Table 3).
Figure 5. The 95th percentile deviation threshold for each method (I, II, III)  
for dentate as well as for edentate patients. 
Table 2. Mean 95th percentile deviation threshold and its standard deviation (SD)  
 Dentate Edentate
  Mean (mm) SD Mean (mm) SD
Method I 2.4  0.885 1.5  0.399
Method II 1.7  0.500 1.4  0.427
Method III 1.3  0.384 1.2  0.399
Data based on analysis of variance
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Tracing time differed significantly for all three methods (P<0.001). The panoramic 
method II had a mean tracing time of 1.5 minutes. Surveying mandibular canals  
in dentate jaws took significantly more time (P<0.001), compared with tracing  
edentate jaws using the combined method (Table 4).
Table 3. Probability of exceeding the threshold in the anterior loop region  
(fourth segment). 
  P Value
Method I Dentate 0.29
 Edentate 0.59
Method II Dentate 0.01
 Edentate 0.006 
Method III Dentate 0.05
 Edentate 0.003
Data based on chi-square test
Table 4. Tracing time (in minutes) per session for dentate and edentate patients.
 Dentate    Edentate
 Session 1  Session 2  Session 1  Session 2
 Mean SD Mean SD Mean SD Mean SD
Method I 3.64 1.00 3.50 0.53 2.59 0.49 2.40 0.49
Method II 2.22 0.51 1.57 0.46 1.11 0.24 1.12 0.15
Method III 5.79 1.47 6.49 1.11 4.59  1.69 5.14 1.12
DISCUSSION
Many studies are devoted to the unwanted and often avoidable iatrogenic damage  
to the IAN. Harvesting procedures involving the ramus area may cause sensory 
deficits in up to 8.3%.3,6 In orthognathic procedures this sensory change is reported 
in up to 65,1% of the cases,1,2,4,5 and frequency of sensitivity disturbances after 
placement of dental implants varies between 0% and 77.8%.7-9 
Nowadays, 3D CBCT technology enables the surgeon to determine the position  
of the mandibular canal more accurate. This so-called mandibular canal tracing 
technique visualizes the mandibular canal and is helpful as well in preoperative  
assessment as in surgical planning. 
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On a coronal slice, as used in method I, the canal is visualized as a tiny circle, 
discernible from the adjacent trabecular bone marrow by a small radiopaque line, 
the cortical wall of the mandibular canal. However, it must be realized, that this wall 
is discontinuous, especially toward the mental foramen.11 As a consequence, the 
opaque outline in this region is often inexplicit or even absent. This might contribute  
to the observation that method I is the least reproducible, showing a mean 95th  
percentile deviation threshold of 2.4 mm for dentate and 1.5 mm for edentate  
mandibles. The incomplete bony wall in combination with the unpredictable recurrent 
course of the mandibular canal in the most anterior segment explains why the largest 
deviations are found in the anterior loop region. 
On the panoramic reconstructions in method II, an artificial segment of the  
mandibular canal is represented. This provides a clear view of the tubular bony 
structures, which makes it easy to distinguish the canal from the surrounding  
cancellous bone. The mandibular canal is only partially visualized because the  
panoramic reconstruction is generated on the best-fitting midline superimposed  
on the contour of the mandible, thus creating a midline image with additional parallel 
views.18 The mandibular canal starts at the mandibular foramen, which is located  
at the lingual side of the ramus and then proceeds consecutively to the buccally 
located mental foramen.11-13 In this way, the canal shifts gradually from lingual  
to a more buccal plane, whereas the panoramic slices represent only those images 
parallel to the midline. This results in distinct buccolingual steps in the tracings. 
Visualizing the whole tube in 1 plane would be more accurate. However, this requires 
an extra step, i.e., a reconstruction that precisely follows the course of the canal and 
therefore passes both the lingula and the mental foramen. The reproducibility of 
mandibular canal tracing is significantly better for method II compared to method I.
The present study clearly shows that the most reproducible method of the  
mandibular canal tracing is the combined method III, thus using both cross-sectional  
images (method I) and the panoramic slices (method II). For a quick overview, 
tracing of only the panoramic reconstruction is sufficient. However, by also adding 
information of the cross-sections, optimal fine-tuning is achieved. By contrast, this 
method also is the most time-consuming (about 5 minutes).
 In contrast to the dentate jaws, the mandibular canal in edentate jaws  
is free of neighboring teeth, resulting in a more undisturbed reconstruction.  
This phenomenon might explain the significant better (P=0.0015) reproducibility  
in edentate jaws compared with dentate jaws.
 With respect to the use of orthopantomograms in preventing IAN damage,  
some guidelines have been proposed. For example, instead of a nerve block  
or general anesthesia, the use of local infiltration anesthesia is advocated, enabling 
the patient to sense arising damage to the IAN.19 Also, the incorporation of a safety 
zone between the dental implants and the nerve of at least 1 to 2 mm is suggested. 
In the anterior loop region, even a distance of 6 mm to the mental foramen  
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is promoted. Also, a correct magnification factor is essential to reduce the limitations 
of 2D radiographics.8,10,12 Fortunately, CBCT images are true representations making 
this implementation unnecessary.20,21
Because the mean 95th percentile deviation threshold is 1.3 mm (SD 0.4) in the 
dentate and 1.2 mm (SD 0.4) in the edentate mandibles using the combined method, 
planning a safety zone of 1.7 mm is recommended. At first glance, this equals the 
range as recommended using orthopantograms. However, there is a significant  
difference. In orthopantograms, only the craniocaudal position of the mandibular 
canal is defined; in CBCT, the buccolingual location of the canal is also taken into 
account. Moreover, in the anterior loop region, not the mental foramen but the actual 
position of the canal is defined.  
Obviously, IAN damage cannot only be prevented by optimal radiographic  
representation of the course of the canal. The surgical skill is the other decisive factor 
in the risk of nerve damage. Despite perfect information about the exact position  
of the mandibular canal, a surgeon can nevertheless damage the IAN, e.g. by placing 
implants in the mandibular canal or by drilling into the roof of the canal. To bypass 
this shortcoming or even to upgrade surgical skills, guided implant surgery is currently 
advocated. With the support of templates, virtually planned implants can be exactly 
positioned in the patient, thereby safeguarding the IAN. However, because of the 
limitations of the different tracing methods, a safety zone of 1.7 mm should  
be respected in all directions, when planning surgery on CBCT-based data. Surgeons 
should also be aware of the obvious deviations located in the region of the anterior 
loop of the mandibular canal.
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Purpose: To establish the accuracy of cone beam computed tomography (CBCT) 
views in determining the position and diameter of the mandibular canal. 
Material and Methods: Two freshly frozen cadaver heads, one dentate and one 
edentate, were used to acquire CBCT scans. Measurements on cross-sectional 
CBCT images were compared with measurements on digitalized histological  
sections of the same regions in the mandibles. The Student t-test was used for 
statistical analysis.   
Results: Comparing CBCT with histological measurements showed that the position 
of the mandibular canal differed up to 0.47 mm (SD 0.29). Mandibular canal  
diameters were up to 22.8% smaller in CBCT planes. For the dentate jaw, these 
differences were statistically significant.
Conclusion:  To be safe, when assessing the mandibular canal position on CBCT 
views, a 0.76 mm deviation should be taken into account. Because the diameter  
of the mandibular canal is displayed smaller, an enlargement by 0.74 mm  
is recommended.  
l   ABSTRACT
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INTRODUCTION
In oral rehabilitation, for esthetic and functional reasons, dental implants are  
an acceptable treatment solution with high predictability.1-3 Reconstructions  
of alveolar defects with intraoral bone grafts has become a validated treatment  
allowing implant placement. However, one of the risk factors of such treatment  
is unintentional impairment of the inferior alveolar nerve (IAN). Cutting, tearing  
or laceration of the IAN can occur during bone harvesting.  Penetrating the mandibular 
canal, bone compression and hematomas during drilling, and subsequent implant 
placement also can damage the IAN. 4,5   
This results in considerable and serious disability, varying from transient  
or persistent anesthesia to paresthesia to dysesthesia,4-7 the prognosis of which 
depends on the severity of nerve damage.4,8,9  
Several imaging modalities can assist in preoperative risk assessment of the 
mandibular canal, such as panoramic radiographs, conventional multi-slice computed 
tomography (MSCT), and cone beam computed tomography (CBCT). The benefits 
of CBCT are shorter scan times and decreased radiation dose compared with MSCT. 
Furthermore, it is more cost-effective.10,11
Data from the CBCT can be used to trace and visualize the mandibular canal 
using three-dimensional (3D) image-based planning software. First, the course  
of the canal is marked. Thereafter, by interpolating these points, a virtual replica  
is reconstructed. This ‘mandibular canal tracing procedure’ enables an assessment 
of the position of the canal in several directions because multiplanar and 3D  
reconstructions of the canal are provided.12,13  
A review of literature shows that CBCT images are often used to establish the  
position of the mandibular canal.12-15 However, only a few studies have addressed 
the validity of this pre-surgical assessment.16,17 Until the present study, the  
mandibular canal diameter has not been the subject of any study. The objective  
of this research was to compare the visual representation of the mandibular canal 
with its anatomic reality by determining the accuracy of mandibular canal  
measurements performed on CBCT images compared with measurements performed 
on digitized histologic sections.
  
MATERIAL AND METHODS
To establish the accuracy of position and diameter measurements of the  
mandibular canal on CBCT views, two freshly frozen cadaver heads, one dentate  
and one edentate (according to the V classification of Cawood and Howell18), were 
selected (the heads had been donated for scientific research). Dimensions measured 
on CBCT images were compared with histological sections of the corresponding 
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region. In each lower jaw 4 sites were selected, ie, second molar region and second 
premolar region on the left and the right sides. At these sites, position markers, 
consisting of titanium microscrews (KLS Martin, Gebrüder Martin GmbH and Co, 
Tuttlingen, Germany) with a length of 5 mm and a diameter of 1.5 mm, were placed 
perpendicular to the arch at the free gingival margin in the vestibular sulcus.
The cadaver heads were fixed and stabilized in an upright position. Scout views 
were taken to position the mandible in the middle of the field of view (FOV). CBCT 
images were acquired using the i-CAT 3D Imaging System (Imaging Sciences  
International, Inc, Hatfield, PA). The scan specifications were a peak tube voltage  
of 120 kV, pulses of 1.2 mA, scanning time of 40 seconds, a maximum FOV of 22 cm, 
and an isotropic voxel size of 0.400 mm. Data from the CBCT were exported in Digital 
Imaging and Communications in Medicine (DICOM) format.
After the scanning procedure, the lower jaws were segmented into smaller  
specimens and surplus soft tissue was removed, allowing histological processing. 
These blocks were fixed in neutral buffered formaldehyde 4%, subsequently  
dehydrated in a graduated ethanol solutions (70% to 100%) and embedded  
in methylmethacrylate (MMA). After polymerization, undecalcified samples were  
prepared in 10-µm-thick slices in a cross-sectional plane along the markers.19  
Methylene blue and basic fuchsin stain was used to visualize the cell and bone  
components. Images of the histologic sections were captured and digitalized using 
a Carl Zeiss light microscope and AxionVision 4.6 software (Carl Zeiss MicroImaging 
GmbH, Göttingen, Germany) and subsequently converted to Joint Photographic  
Experts Group (JPEG) format and imported into Adobe Photoshop CS4 11.0  
(Adobe Systems Incorporated, San Jose, CA). 
  The measurement scale was set to establish true size dimensions. With the 
digitilized ruler tool, distances from the middle of the canal to the outer surfaces  
of the mandibular body were measured (Figure 1A-D). Also, the diameter of the canal 
was determined (Figure 1E, F). These measurements were used as reference values 
for the corresponding scores as determined on the CBCT images.
To establish the position of the mandibular canal on CBCT views, the mandibular 
canals were traced using Procera System planning software (NobelGuide, Nobel  
Biocare, Göteborg, Sweden). For quick tracing, the panoramic images were used.  
In addition, cross-sectional planes were used to refine the position of the canal.12 
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To measure the same linear distances in the corresponding cross-sectional CBCT 
images, the linear measurement tool was used (Figure 2a-d, 3 e, f). Brightness and  
contrast settings were fixed at levels that discriminate between the various structures. 
Figure 2. Example of a cross-sectional 
CBCT view, representing the same region 
as shown in Figure 1 (note the reference 
screw), displaying the corresponding 
mandibular canal position measurements 
(a, b, c, d). 
Figure 3. Example of a cross-sectional 
CBCT view, representing the same region 
as shown in Figure 1, displaying the  
corresponding mandibular canal diameter 
measurements (e, f).
Figure 1. Distances measured on a histological section.  
Top: The reference screw is clearly visible. 
Left:  The region of the mandibular canal is magnified.
A.  Center of the mandibular canal to the top of the 
alveolar ridge 
B.  Center of the mandibular canal to the base of the 
mandible  
C.  Center of the mandibular canal to the lingual surface
D.  Center of the mandibular canal to the buccal surface 
E.  Maximum diameter of the mandibular canal
F.  Diameter of the mandibular canal perpendicular  
to distance E
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The magnification settings were adjusted to fit the size of the screen for optimal 
display. To define the intra-observer variation, all mandibular tracings and  
measurements were repeated 8 times with an interval of 7 days. A second observer 
independently repeated this procedure under the same circumstances.
Data are presented as mean and standard deviation (SD). For analysis of the  
difference between CBCT and histological measurements and between observers, 
the Student t-test was used. To quantify the relation between differences in CBCT 
and histological measurements as seen by the two observers, the intraclass  
correlation coefficient (ICC) was calculated. In accordance with the notation for the 
ICC as introduced by Shrout and Fleiss, 20 in this case the ICC(2,2) was required. 
The dentate and edentate measurements were evaluated separately. The absolute 
and the relative differences were calculated. 
RESULTS
In total, 46 repeat measurements were performed (6 distances were measured 
at 8 sites). In one histological section (edentate jaw), the cortical border of the canal 
was not clearly defined; therefore, the measurement of this diameter was eliminated. 
Figure 4. Scatterplot showing the relation of the differences between CBCT and  
histologic measurements as recorded by the two observers. Each axis represents  
the difference of one observer, expressed in millimeters. 
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Analyzing the difference between CBCT and histological measurements showed 
that the ICC between the two observers was 0.93, indicating a high level of agreement 
(Figure 4). Only in 6 of 46 comparisons was a significant difference between observers 
noted. The variability in the CBCT and histological measurements was small,  
with SDs ranging from 0.13 to 0.26 mm and from 0.04 to 0.17 mm, respectively  
(Table 1). 
Table 1. Intra-oberver CBCT and histologic dentate and edentate measurements  
expressed in millimeters.
 Dentate   Dentate   Edentate   Edentate 
 CBCT   Histology   CBCT   Histology
Distance Mean SD Mean SD Mean SD Mean SD
A 18.55 0.16 18.08 0.09 5.30 0.25 5.28 0.05
B 12.08 0.26 12.42 0.15 12.90 0.22 12.88 0.04
C   4.19 0.20 4.07 0.07 4.35 0.19 4.42 0.15
D   3.90 0.18 3.45 0.07 3.75 0.19 3.40 0.17
E   3.19 0.25 3.51 0.08 2.36 0.17 2.53 0.07
F   1.73 0.14 2.25 0.09 1.66 0.13 1.64 0.06
Abbreviations: CBCT, cone beam computed tomography; SD, standard deviation
Distances from the middle of the mandibular canal to the external surfaces  
(distances A to D) varied from -0.34 to 0.47 mm in the dentate jaw and from -0.07 
to 0.35 mm in the edentate jaw (Table 2).
Table 2. Overview of absolute difference between CBCT and histologic measurements 
expressed in millimeters. 
 Dentate     Edentate   
Distance Mean SD 95% CI P Value Mean SD 95% CI P Value
A 0.47 0.29 [0.23…0.72] 0.003 0.02 0.17 [-0.12…0.17] 0.709
B -0.34 0.36 [-0.64...-0.04] 0.032 0.02 0.48 [-0.38…0.43] 0.891
C 0.12 0.41 [-0.22…0.46] 0.439 -0.07 0.47 [-0.46…0.33] 0.707
D 0.45 0.37 [0.14...0.76] 0.011 0.35 0.25 [0.14…0.56] 0.006
E -0.32 0.39 [-0.65...0.00] 0.053 -0.14 0.16 [-0.31…0.03] 0.086
F -0.52 0.26 [-0.74…-0.30] 0.001  0.02 0.33 [-0.33…0.36] 0.909
Abbreviations: CI, confidence interval; SD, standard deviation
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In CBCT planes, the mandibular canal diameter was up to 22.8% smaller in the 
dentate jaw and up to 7.2% smaller distances in the edentate jaw (Table 3).
  
Comparing CBCT measurements with the histologic analogs showed that the  
differences were significant in 4 of 6 distances in the dentate jaw (Table 2).  
The CBCT measurements for A and D were overestimated and those for B and F were 
underestimated.  
For the edentate jaw, only a significant overestimation was noted for the  
measurement between the center of the canal and the buccal margin of the mandible 
(distance D). 
  
DISCUSSION
The literature has reported a large discrepancy of up to 16% in the incidence  
of neurosensory disturbances after bone harvesting procedures21-23 and up to 43.5% 
after dental implant placement.24,25 To minimize iatrogenic nerve damage  
in pre-surgical assessment, the anatomic aspects of the mandibular canal need  
to be addressed properly.
To the best of the authors’ knowledge, this is the first study to use freshly frozen 
cadaver heads to quantify the position and diameter of the mandibular canal.  
Furthermore, reference values were obtained by performing measurements on digitized 
histologic sections. This resulted in rather small SDs, ranging from 0.07 to 0.15 mm 
Table 3. Overview of relative difference between CBCT and histologic measurements 
expressed in percentages. 
 Dentate     Edentate   
Distance Mean SD 95% CI P Value Mean SD 95% CI P Value
A 2.7 1.8 [1.2…4.2] 0.004  -0.6 3.9 [ -3.8…2.7]    0.692
B -2.7 3.0 [ -5.3…-0.2] 0.039  1.0 4.3 [-2.6…4.6]    0.531
C 2.2 12.7 [-8.4…12.8] 0.639 -2.4 10.7 [-11.3…6.5]    0.541
D 10.9 6.7 [ 5.3…16.5] 0.003  9.5 5.4 [4.9…14.0]    0.002
E -7.5 9.4 [-15.4…0.4] 0.060  -7.2 6.8 [-14.4…0.0]    0.050
F -22.8 9.7 [-30.9…-14.7] 0.000  1.7 19.2 [-18.5…21.8]    0.838
Abbreviations: CBCT, cone beam computed tomography; CI, confidence interval;  
SD, standard deviation
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for the dentate sections and from 0.04 to 0.17mm for the edentate sections, and  
a high ICC between observers (0.93).
Differences between the mandibular canal position measurements on CBCT  
images and histologic sections differed from 0.34 mm (SD 0.36) up to 0.47 mm  
(SD 0.29) in the CBCT planes, with 95% confidence intervals ranging up to 0.76 mm.
Only a few studies have emphasized the importance of the exact location of the 
mandibular canal when using CBCT.16,17 However, higher SDs for their measuring 
methods were observed. For example, Maloney et al17 examined 11 cadaveric  
mandibles without soft tissues. On cross-sections, the distance from the most superior 
aspect of the mandibular canal to the mandibular crest was measured using a direct 
digital caliper. These investigators concluded that in 94% of the measurements,  
the overall accuracy was within 1.99 mm. Kamburoğlu et al16 compared 4 cross- 
sectional distances between the border of the mandibular canal and the surface  
of the mandibular body using 6 formalin-fixed hemimandibles. These mandibles did 
not include soft tissues. After sectioning with a burr, the actual values were obtained 
by direct caliper measurements; the 95% limits ranged from -3.5 to 1.9 mm.
For radiographic analysis, the mandibular canal tracing feature of the 3D image- 
based planning software was used to determine the position of the canal. To provide 
the best reproducible method, the center of the canal was marked on panoramic 
planes and then the position was adjusted on cross-sectional images.12 This might 
contribute to more accurate values in determining the position of the mandibular 
canal.
Differences are more distinct in the dentate jaw than in the edentate jaw. This 
may be the result of the presence of teeth, causing more disturbances on CBCT  
images, resulting in an increase in measurement errors.
Only one titanium marker per section is used to minimize the risk for beam- 
hardening artifacts.26,27 Adding more markers could simplify the establishment  
of corresponding cross-sectional CBCT images. However, to decrease measurement  
errors owing to small deviations between the corresponding planes, only the cross- 
sectional views displaying the entire screw were used.
A limitation of the present study is that the entire course of the canal was not 
analyzed. Gerlach et al12 concluded that the greatest differences between  
mandibular canal tracings are in the anterior loop region. Although the second  
premolar region was included, this comprised only 1 slice of the anterior segment.
Furthermore, in this study, only two freshly frozen cadaver heads were used. 
Further studies with larger samples analyzing the entire canal are needed to verify 
the present results.
Soft tissues can be prone to distortion during the stages of histologic processing.28 
As a result, in some sections, minimal shrinkage of the IAN tissue was observed 
(Figure 1). However, when using MMA as embedding medium, the structural integrity 
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of the bony tissue is preserved.19,29-31 Therefore, the diameter of the cortical canal, 
not the diameter of the IAN, was measured.
On cross-sectional CBCT views, the outline of the mandibular canal is often difficult 
to distinguish from adjacent tissues. In these cases, the canal is visualized as  
a radiolucent spot while the surrounding radiopaque line is often absent. This cortical 
wall is discontinuous, in particular toward the mental foramen.32 Furthermore,  
this small layer of bone is blurred as the result of partial volume averaging, ie, the  
phenomenon that structures with different densities, present in 1 voxel, are averaged 
to 1 gray shade.27,33,34 This might have contributed to the underestimation of the 
diameter measured in the CBCT planes ranging up to 0.52 mm (SD 0.26) and 95% 
confidence intervals ranging up to 0.74 mm. To be clinically safe, when determining 
the outline of the canal on CBCT images, an extra radius of 0.37 mm should be added. 
In this study, the voxel size was 0.400 mm and the FOV was up to 22 cm. A smaller 
voxel size and FOV may result in more accurate views of the canal.
The actual diameter of the canal in this study ranged from 1.64 mm (SD 0.06)  
to 3.51 mm (SD 0.08). In the literature, diameters up to 5 mm have been reported.35,36 
In the 3D imaged-based planning software system of Procera System NobelGuide, 
the diameter of the virtual canal is fixed at 2.0 mm. In most mandibular canal tracings, 
this will be an underestimation of the actual diameter, thus increasing the risk  
of iatrogenic damage. As a consequence, a personalized adjustable canal diameter  
is advised.
In conclusion, to prevent severe impairment of the IAN, surgeons should take  
a deviation of 0.76 mm into account when preoperatively assessing the location  
of the mandibular canal on CBCT scans. Furthermore, when establishing the width  
of the canal, this diameter should be enlarged by 0.74 mm.
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Purpose: The purpose of this study was to determine the accuracy of cone beam 
computed tomography (CBCT) reconstructions in displaying bone surface size and 
cortical layer thickness.
Material and Methods: Two freshly frozen cadaver heads were scanned using  
a CBCT (i-CAT™ 3D Imaging System; Imaging Sciences International Inc.).  
The mandibles were sectioned and digitalized for histological evaluation. Dimensions 
as measured on these sections were compared with CBCT measurements of the 
same region with the use of 3D image-based planning software (Procera System 
NobelGuide™; Nobel Biocare.). To allow optimal comparison between histological 
and CBCT sections reference markers were placed into the mandibles. The Student 
t-test was utilized to analyze the data. Differences with P-values < 0.05 were  
considered significant.  
Results: The total height and width of the mandibular body, as measured on CBCT 
views, were larger compared with the histological values with a maximum difference 
of 0.33 mm (SD ±0.34). Cortical thickness measurements were significant thicker 
on CBCT sections (P <0.006) with absolute differences ranging up to ± 0.63 mm 
(SD ±0.28) and relative differences ranging up to 82.6%. 
Conclusion: CBCT images (i-CAT 3D Imaging System), viewed on the planning  
software Procera System NobelGuide, tend to overestimate the anatomical truth  
in assessing both bone height and width; especially cortical thicknesses are depicted 
thicker than in reality. When using CBCT images for pre-surgical assessment, one 
should be aware of this phenomenon of exaggeration of dimensions. 
l   ABSTRACT
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INTRODUCTION
Both bone quantity and quality influence the success rate of endosseous implants. 
If no primary implant stability is achieved, implant failure is likely. Therefore,  
it is important to be preoperatively informed about the macro-architecture of the 
acceptor bone bed. Not only the amount of spongious bone is relevant, but especially 
the thickness of the hard outer layer of the bone, i.e. the cortical layer is decisive.1-6 
Also, in bone harvesting procedures, pre-surgical assessment of bone structures  
is important because of their role in donor site selection, to obtain high quality and 
enough bone.7,8 
Due to rapid scan times, potentially reduced radiation dose and low costs  
compared with conventional multi-slice computed tomography (MSCT), recently 
cone beam computed tomography (CBCT) became popular in analyzing relevant 
bone structures.9,10 In addition, three-dimensional (3D) image-based planning  
software offers both multiplanar and 3D reconstruction possibilities. Furthermore,  
it enables measurements in several directions.9-13 
With respect to accuracy and reliability of bone surface size measurements,  
3D image-based planning software presents promising results.14-19 To the authors’ 
best knowledge, not one study is available emphasizing the geometric precision  
of cortical thicknesses measurements in CBCT reconstructions. Therefore, the aim 
of this study was to assess the accuracy of both bone surface size and cortical layer 
thickness measurements in CBCT reconstructions.  
MATERIAL AND METHODS
To investigate whether dimensions as measured on CBCT images were accurate, 
these were compared with histological sections of exactly the same region. For this 
purpose, one dentate and one edentate fresh frozen cadaver head were selected.  
Titanium micro screws (KLS Martin, Gebrüder Martin GmbH&Co, Tuttlingen, Germany) 
with a length of 5 mm and a diameter of 1.5 mm were placed as position markers 
perpendicular to the arch at the free gingival margin in the vestibular fold of the  
lower jaw. In the dentate jaw a total of 8 sites were selected, i.e. second molar  
region, second premolar region, canine region, and lateral incisor region, on both 
the left and the right sides.  In the edentate lower jaw (Cawood & Howell 1988: 
classification V)20, distances between the markers were evenly divided into six parts: 
second molar region, second premolar region and lateral incisor region on both sides 
of the jaw.  
Both cadaver heads were stabilized in an upright position to prevent movement 
artifacts for making radiographic images. First, the mandible was centered in the 
middle of the Field of View (FOV) by performing scout views. CBCT images were 
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obtained with the i-CAT™ 3D Imaging System (Imaging Sciences International Inc., 
Hatfield, PA, USA), using a tube voltage setting of 120 kilovolt peak, pulses of 1.2 mA, 
a scan time of 40 s, a maximum FOV of 22 cm, and a voxel size of 0.400 mm. Data 
from the CBCT were exported in DICOM format. 
 After the scanning procedure was completed, the mandibles were divided  
into smaller blocks suitable for histological processing. Excess soft tissue was  
removed. The resulting specimens were fixed in neutral buffered formaldehyde 4% 
and dehydrated in a graduated ethanol solutions from 70% to 100%. Then, these 
were embedded in methylmethacrylate and after polymerization, undecalcified  
10 µm-thick sections in a cross-sectional plane were prepared along the markers. 
Methylene blue and basic fuchsin were used for staining.21 The histological sections 
were digitalized using a Carl Zeiss light microscope and AxionVision Rel. 4.6 software 
(Carl Zeiss MicroImaging GmbH, Göttingen, Germany), converted into JPEG format 
and imported into Adobe Photoshop CS4 Version 11.0 (Adobe Systems Inc., San Jose,  
CA, USA).  
After the measurement scale was set to correspond with the real situation, bone 
width, height and cortical thicknesses were measured with the ruler tool (Figure 1 
A-F). These measurements were used as reference values. 
Figure 1. Measurements performed on a histological section.   
A.  Total height of the mandibular body 
B.  Cortical layer thickness at the most superior 
border 
C.  Cortical layer thickness at the most inferior 
border  
D.  Total width of the mandibular body halfway 
the vertical height                                                       
E.  Cortical layer thickness at the lingual border 
halfway the vertical height
F.  Cortical layer thickness at the buccal border 
halfway the vertical height
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With the use of planning software Procera System (NobelGuide™, Nobel Biocare, 
Göteborg, Sweden), the same linear distances were measured in the corresponding  
cross-sectional CBCT views using the linear measurement tool (Figure 2a,d, 3b,c,e,f).
 
Brightness and contrast settings were fixed at a level keeping the ability to discri-
minate between the different structures and displaying the cortical layer as thin as 
possible.  
The magnification settings were adjusted to fit the size of the screen for optimal  
display. All measurements were repeated 8 times, to allow the estimation of the  
standard deviation (SD) for each distance, with a time interval of 7 days  
so calculating the intra-observer variation. To define the inter-observer reliability,  
a second observer repeated the measurements independently in 4 of 14 sites  
maintaining the same conditions.
Data were analyzed using the Student t-test and presented as mean and standard 
deviation. The dentate and edentate measurements were evaluated separately.  
Figure 2. Example of a cross-sectional 
CBCT reconstruction, representing the 
same region as Figure 1 and displaying 
the corresponding bone height and width 
measurements (a, d). 
Figure 3. Example of a cross-sectional 
CBCT reconstruction, representing the 
same region as Figure 1 and displaying 
the corresponding cortical thickness 
measurements (b, c, e, f). 
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Both the absolute and relative differences were outlined. Differences with P-values < 
0.05 were considered to be significant.  
RESULTS
Both observers showed an equality of distributions comparing the difference  
between the CBCT and the histological measurements. In Figure 4, the relationship 
between the two observers is illustrated, showing a high level of agreement  
(correlation coefficient: 0.96). Only in 4 of 24 repetitions, a significant difference 
between the observers was scored. In these cases, the inter-observer difference was 
just minor; less than 0.3 mm, thus less than the voxel size. In one of the 6 edentate 
sections, the bone width and the lingual cortical thickness could not be established 
due to a small fracture, probably inflicted during soft tissue removal.
For the measurements on CBCT, the intra-observer variation showed small 
ranges of distribution with standard deviations up to 0.21 mm. These values were 
smaller for the histological measurements with standard deviations up to 0.11 mm 
(Table 1). With respect to the differences between the CBCT and histological  
measurements, it was noteworthy that these were quite similar comparing the dentate 
Figure 4. Scatterplot showing the relationship between the two observers specified for 
the absolute difference between the CBCT and the histology measurements. Each axis 
represents the values of one observer, expressed in mm. 
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with the corresponding edentate distances. The total height and total width  
measurements of the mandibular body on the CBCT views showed larger values with 
a maximum difference of 0.33 mm (SD ± 0.34) (Table 2). The most obvious  
discrepancies, however, involved larger cortical thickness measurements on the 
CBCT reconstructions with differences up to 0.63 mm. With regard to the cortical  
thickness measurements, the absolute differences were statistically significant for all 
distances. 
The differences, expressed in percentage, reached values up to 82.6%, the  
cortical shell again taking the highest differences into account (Table 3).
Table 1. Intra-observer measurements: data showing the mean and standard  
deviation (SD) of the CBCT and histology measurements, split in a dentate and  
an edentate group expressed in mm.
 Dentate   Dentate   Edentate   Edentate 
 CBCT   Histology   CBCT   Histology
Distance Mean SD Mean SD Mean SD Mean SD
A 33.42 0.20 33.32 0.11 17.92 0.13 17.76 0.04
B 1.63 0.15 1.14 0.07 2.00 0.15 1.51 0.04
C 3.16 0.16 2.53 0.07 2.05 0.17 1.49 0.04
D 8.22 0.21 7.89 0.07 8.81 0.15 8.51 0.03
E 2.13 0.15 1.64 0.06 2.45 0.14 1.82 0.05
F 1.33 0.17 0.78 0.04 1.86 0.15 1.30 0.04
Table 2. Overview of the absolute difference between the CBCT and the histology 
measurements expressed in mm. The mean and standard deviation (SD) are depicted 
including the 95% confidence interval (95% Cl).  
 Dentate     Edentate   
Distance Mean SD 95% CI P Mean SD 95% CI P 
A 0.10 0.29 [-0.14…0.34] 0.3736 0.16 0.15 [0.00…0.32] 0.0463
B 0.49 0.16  [0.36…0.62] 0.0001 0.49 0.19 [0.29…0.68] 0.0013
C 0.63 0.28  [0.39…0.86] 0.0004 0.56 0.31 [0.24…0.88] 0.0062
D 0.33 0.34  [0.04…0.61] 0.0306 0.31 0.22 [0.04…0.58] 0.0340
E 0.50 0.12    [0.40…0.59] 0.0000 0.63 0.10 [0.51…0.75] 0.0001
F 0.55 0.12  [0.45…0.65] 0.0000 0.56 0.14 [0.41…0.71] 0.0002
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Table 3. Overview of the relative difference between the CBCT and the histology  
measurements expressed in percentage. The mean and standard deviation (SD)  
are depicted including the 95% confidence interval (95% Cl). 
 Dentate     Edentate   
Distance Mean SD 95% CI P Mean SD 95% CI P 
A 0.3 0.9 [-0.48…1.06] 0.4059 1.1 1.1 [-0.09…2.31] 0.0641
B 80.0 62.7 [27.52…132.40] 0.0087 36.7 18.1 [17.64…55.72] 0.0043
C 32.1 24.8 [11.33…52.88] 0.0081 62.1 83.4 [-25.49…149.59] 0.1281
D 4.4 4.9 [0.31…8.48] 0.0385 4.0 3.7 [-0.61…8.68] 0.0734
E 37.8 22.6 [18.96…56.67] 0.0021 37.3 11.8 [22.61…51.98] 0.0021
F 82.6 43.1 [46.52…118.63] 0.0010 48.1 21.1 [25.97…70.22] 0.0025
DISCUSSION
Pre-surgical assessment of both bone quantity and bone quality is necessary  
to optimize bone grafting procedures7,8 and also to maximize the success rate  
of dental implant placement.1-6 In addition, 3D imaged-based planning software 
enables bone surface size and cortical thicknesses measurements on CBCT slices.9-12
Only few authors address the topic of accuracy of bone surface size measurements 
and state that CBCT views are free of distortions and magnification.16,17 Others  
report minor underestimations, although their general conclusion is that these  
underestimations are clinically irrelevant.14,15,18,19,22 In this study, differences  
in surface size measurements ranged from 0.10 mm (SD 0.29) up to 0.33 mm  
(SD 0.34) with ratios up to 4.4% when comparing CBCT with histological  
measurements, all comprising minor overestimations of the anatomic truth. These 
findings are in contrast with previous studies.14,15,17,18,19 
This is the first study in which complete fresh frozen cadaver heads were utilized  
to represent the actual reality. In other dimensional studies, phantoms,15,22  
dry cadavers, whether or not in combination with soft tissue simulation,14,17-19  
or a formalin-fixed cadaver including soft tissue were used.16 In contrast to dentate 
jaws, edentate jaws are free of teeth resulting in more undisturbed CBCT views.  
To inventory if our results are influenced by the presence of teeth, one dentate and 
one edentate mandible were selected. No effect of teeth on the measure outcome 
was noted. The absolute mean differences between dentate and edentate  
measurements were only small. 
By performing measurements on digitalized histological sections, great accuracy 
was enabled, resulting in small standard deviations ranging from 0.03 to 0.11 mm. 
To represent actual dimensions, the use of histological sections is highly  
recommendable. However, in processing soft tissues for histology, sections are  
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at risk for torn and distortion due to shrinking. For bone, when using MMA  
as embedding medium, no shrinking artifacts were encountered.21,23-25  
In other studies, reference values were obtained by direct caliper measurements  
on cadavers resulting in substantial higher standard deviations ranging from  
0.29 to 9.32 mm.14,18,19 
In the histological sections as well as in the corresponding cross-sectional CBCT 
views, only the planes displaying the whole screw were used. In this way,  
measurement errors due to small deviations between the corresponding planes were 
minimized. A limitation of the present study design is that only 1 reference marker 
per histological section is applied. Adding 2 or 3 extra markers per section makes  
it easier to define the corresponding cross-sectional CBCT plane. On the other hand, 
adding extra titanium screws does increase the risk for beamhardening artifacts.26,27 
Assessment of cortical bone thickness implicates measuring of only a few  
millimeters. Particularly in these cases, attention should be paid to spatial resolution, 
i.e. the capacity to distinguish between two adjacent points on a CBCT image. Spatial 
resolution highly depends on voxel size and, together with factors such as partial 
volume averaging, noise and artifacts, it influences the clarity of the CBCT view.15,28 
In this study, the spatial resolution is 0.6 mm (Cathpan-500 phantom).  
As a consequence, values less than 0.6 mm are inaccurate. The large FOV (22 cm) 
contributes to higher scatter levels and consequently to a higher spatial resolution.28 
A smaller size of FOV might have resulted in more accurate results. However, with  
a mean distance of 1.33 mm (SD 0.17), the cortical layer at the buccal border in the 
edentate jaw was the smallest distance to be measured, which exceeds the spatial 
resolution.
A small layer of bone, like cortical bone, is also prone to partial volume averaging.  
This effect appears when two types of bone structures occur in one voxel, then  
displaying an average gray value of two different densities. As a result, the borders  
of the thin bone layer are blurred leading to measurement errors.26,28,29  
This phenomenon might contribute to the overestimation of the cortical layer  
measurements varying from 32.1% (SD 24.8) up to 82.6% (SD 43.1), which  
is higher than for bone surface size measurements. Also the large deviations in the 
95% confidence intervals (CI) indicate that small dimensions are difficult to assess 
in CBCT images.
In conclusion, our study, in contrast to previous findings, indicates that when  
assessing bone height and width in CBCT sections, dimensions are exaggerated. 
Most prominent is the assessment of cortical thickness on CBCT views, which outcome 
is considerably overestimated and therefore difficult to predict. Consequently,  
for most clinical purposes, CBCT views can be used for assessment of bone surface 
size. However, the phenomenon of exaggeration of measurements, as registered  
in CBCT images (i-CAT 3D Imaging System), and viewed on the planning software 
Procera System NobelGuide, should be taken into account.
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Purpose: The aim of this study was to investigate the effectiveness of software 
for automatically tracing the mandibular canal on data from cone beam computed 
tomography (CBCT). 
Material and Methods: After the data had been collected from one dentate and 
one edentate freshly cadaver head, both a trained Active Shape Model (ASM) and 
an Active Appearance Model (AAM) were used to automatically segment the canals 
from the mandibular to the mental foramen. Semiautomatic segmentation was also 
evaluated by providing the models with manual annotations of the foramina. To find 
out if the tracings were in accordance with the actual anatomy, the position of the 
automatic mandibular canal segmentations, as displayed on cross-sectional CBCT 
views, were compared with histological sections of exactly the same region. The 
significance of differences between results were analyzed with the help of Fisher’s 
exact test and Pearson’s correlation coefficient. 
Results: When tracings based on AAM and ASM were used, differences between 
CBCT and histological measurements varied up to 3.45 mm and 4.44 mm,  
respectively. Manual marking of the mandibular and mental foramina did not  
improve the results, and there were no significant differences (P = 0.097) among 
the methods. 
Conclusion: The accuracy of automatic segmentation of the mandibular canal  
by the AAM and ASM methods is inadequate for use in clinical practice.
l   ABSTRACT
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INTRODUCTION
Accurate preoperative planning is necessary to prevent iatrogenic damage to the 
neurovascular bundle that passes inside the mandibular canal, the course of which 
varies within the mandibular body.1-4
three-dimensional (3D) image-based planning software gives us the opportunity 
to create a virtual mandibular canal.5,6 Data from cone beam computed tomography  
(CBCT) can be used. Until now tracing of the mandibular canal has been done 
manually and was time-consuming.5 Several automatic methods of segmenting the 
mandibular canal have been published,7-12 but only a few have concentrated  
on segmentation on CBCT views.11-13 Up to now the canal has been characterised 
by low contrast between it and the surrounding tissues.13 Areas with the same sort 
of tissue do not give the same amount of contrast because of the lack of uniformity 
of radiographic illumination and scattering.13 As a consequence automatic  
segmentation of the canal is a challenge.
Obviously to prevent iatrogenic damage it is important that the position of the 
automatic tracing of the mandibular canal corresponds to its real anatomical position. 
None of the studies that have described automatic segmentation of the canal based 
on CBCT data, have mentioned this.11-13 To validate the results, automatic tracings 
have always been compared with manual tracings.11-13 However, these are inaccurate 
and do not correspond to the real anatomical picture. 5
The aim of this study was to assess the potential for automatic tracing of the 
mandibular canal as proposed by Kroon13 using histological datasets as reference.
MATERIALS AND METHODS
To assess automatic tracings of the mandibular canal made from CBCT data, the 
position of the canal as displayed on cross-sectional CBCT images was compared 
with that of histological sections of the corresponding region. In one dentate and  
one edentate (Cawood and Howell classification V) 14 freshly frozen cadaver head,  
therefore, the second molar and second premolar region, both on the left and right 
sides of the mandible, were marked using titanium micro screws (5 mm long and  
1.5 mm in diameter, KLS Martin, Gebrüder Martin GmbH&Co, Tuttlingen, Germany). 
These were positioned perpendicular to the mandibular arch at the free gingival 
margin in the vestibular fold.
To obtain CBCT data, the skulls were scanned using the i-CATTM 3-D imaging 
system (Imaging Sciences International Inc, Hatfield, PA, USA) using the following 
variables: 120 kVp, 1.2 mA, 22 cm field of view, and 0.400 mm voxel size. 15,16 
To collect histological data, the mandibles were cut into small blocks and fixed  
in 4% neutral buffered formaldehyde. After dehydration in ethanol solutions from 
70
70% to 100%, the samples were embedded in methylmethacrylate and cut into slices 
10 µm thick in cross-sectional planes along the markers.17 Methylene blue and basic 
fuchsin stains were used.
After the sections had been digitised into JPEG format using a Carl Zeiss light 
microscope and AxionVision Rel. 4.6 software (Carl Zeiss MicroImaging GmbH,  
Göttingen, Germany), distances from the middle of the canal to the outer surfaces  
of the mandibular body were measured (Adobe Photoshop CS4 Version 11.0;  
San Jose, California, USA). These measurements were used as reference values 
(Figure 1 A-D).
Different automatic methods of segmentation were investigated on the CBCT 
data. The first was a modified Active Shape Model (ASM), which included previous 
knowledge of the segmentation algorithm and variations between corresponding 
points in training datasets, which were used as shape constraints during  
segmentation.13,18 
Figure 1. Distances measured on a histological section. The reference screw is clearly 
visible at the top. 
A.  Center of the mandibular canal to the top  
of the alveolar ridge 
B.  Center of the mandibular canal to the base 
of the mandible  
C.  Center of the mandibular canal to the lingual 
surface
D.  Center of the mandibular canal to the buccal 
surface 
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The second method was the Active Appearance Model (AAM) segmentation  
procedure, which extended the ASM method, and not only included variations in shape 
but also data about appearance.13,19 Both methods for tracing the canal automatically 
generated the mandibular foramen, the mental foramen, and the shape of the canal. 
They were used on expert segmentations of the mandibular canals and mandibles  
in 13 CBCT datasets from both dentate and edentate patients.
Both the AAM and ASM-based methods were expanded by providing them with 
manual annotations of the mandibular and mental foramena, which were marked  
by an experienced oral and maxillofacial surgeon. As a result only the course  
of the canal needed to be covered by automatic segmentation, and were referred  
to as AAM-course and ASM-course. 
To compare the results of the automatic tracings, data were imported into the 
planning software of Procera System (NobelClinicianTM, Nobel Biocare, Göteborg, 
Sweden). The same distances measured on the histological sections were compared 
with the measurements made on the corresponding cross-sectional CBCT images 
(Figure 2a-d). To establish the intra-observer variation, measurements were repeated 
8 times with a time interval of 2 days.
Figure 2. Example of a cross-sectional 
CBCT view, showing the same region  
as Figure 1 (see the reference screw), 
and showing the corresponding  
measurements of the position of the 
mandibular canal (a, b, c, d). 
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The results are presented as mean (SD). In addition, differences between the 
CBCT measurements and the histological measurements have been presented  
separately for the dentate and edentate jaws, and the significance of differences 
was analyzed using the Student t-test. As reported elsewhere, manual tracings of 
the canal can vary by up to 1.3 mm.5 This threshold was therefore used to indicate 
whether the differences between CBCT measurements and histological measure-
ments were substantial. Fisher’s exact test was used to assess the significance of 
differences between the methods. Pearson’s correlation coefficient was calculated to 
quantify the relation, both in the dentate jaw and the edentate jaw, between various 
methods. Probabilities of less than 0.05 were accepted as significant.
Table 1. Mean (SD) dentate measurements (mm) of the position of the mandibular 
canal based on CBCT images and the reference distances based on histological 
measurements.
Dentate  AAM  ASM   AAM-course  ASM-course  Histology
Site Distance Mean SD  Mean  SD  Mean  SD  Mean  SD  Mean SD
1  A  17,89  0,08  20,01  0,11  18,28 0,15  20,60 0,15  16,69 0,13
2  A  21,29  0,19  21,28 0,17  20,18  0,10  19,54  0,11  19,00  0,19
3  A  22,70  0,12  22,65  0,21  18,36 0,41  19,91  0,15  20,34  0,09
4  A  18,36  0,09  20,89  0,16  16,68 0,18  21,55 0,09  16,45 0,09
                 
1  B  11,15  0,09  8,89  0,08  11,10  0,14  8,80  0,11  12,86  0,34
2  B  9,41  0,10  9,26  0,15  10,78  0,07  11,85  0,09  11,55  0,27
3  B  8,40  0,09  8,71  0,16  12,09  0,18  11,10  0,12  11,56  0,24
4  B  12,54  0,09  0,28  0,09  13,98  0,13  9,23  0,09  13,58  0,12
                
1  C  4,28  0,09  2,19  0,10  2,81  0,10  2,30  0,11  2,05  0,08
2  C  4,94  0,14  3,71  0,16  5,88  0,12  6,19  0,08  6,15  0,11
3  C  3,85  0,05  4,48  0,09  5,73  0,20  5,48  0,10  6,70  0,12
4  C  2,56  0,07  2,33  0,10  1,85  0,13  2,16  0,07  1,49  0,09
       
1  D  4,33  0,10  5,24  0,12  5,80  0,09  5,31  0,18  5,45  0,11
2  D  3,38  0,10  4,81  0,12  2,48  0,09  1,91  0,08  1,96  0,13
3  D  4,65  0,09  3,90  0,09  2,41  0,17  1,94  0,21  2,05  0,06
4  D  4,65  0,08  4,41  0,11  6,60  0,13  4,35  0,13  4,26  0,12
AAM = active appearance model, and ASM = active shape model.
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RESULTS
For each automatic method of tracing, AAM, ASM, AAM-course and ASM-course  
a total of 32 repeated measurements were made on the CBCT views (8 sites,  
4 distances). The results of the measurements on the CBCT images and histological 
sections are shown in Tables 1 and 2. Both showed small ranges of distributions with 
SD ranging up to 0.41 mm in the dentate jaw and 0.22 mm in the edentate jaw.
Tables 3 and 4 show the differences between the position of the mandibular canal  
as dictated by the automatic software on the CBCT images compared with the position 
of the canal on the corresponding histological sections. 
Table 2. Mean (SD) edentate measurements (mm) of the position of the mandibular 
canal based on CBCT images and the reference distances based on histological 
measurements.
Edentate AAM   ASM   AAM-course  ASM-course  Histology
Site Distance  Mean  SD  Mean  SD  Mean  SD  Mean  SD  Mean SD
1 A 8,80 0,15 8,68 0,10 11,10 0,12  8,40 0,08 7,20 0,13
2 A 6,20 0,11 6,29 0,11 5,74 0,11  6,53 0,10 2,93 0,05
3 A 5,69 0,11 5,71 0,08 7,08 0,12  6,10 0,17 4,23 0,06
4 A 7,13 0,07 9,65 0,12 9,91 0,14  7,29 0,14 6,70 0,04
 
1 B 18,14 0,07 17,54 0,07 14,73 0,10  18,39 0,08 20,32 0,11
2 B 6,33 0,13 6,45 0,12 7,49 0,10  6,34 0,12 9,78 0,03
3 B 8,21 0,06 7,81 0,12 7,04 0,12  7,59 0,10 9,10 0,06
4 B 10,65 0,12 7,86 0,15 8,70 0,09  10,63 0,16 12,30 0,05
  
1 C 5,16 0,12 3,71 0,11 3,83 0,07  4,11 0,11 4,89 0,06
2 C 3,79 0,12 3,73 0,09 4,73 0,09  3,09 0,10 3,36 0,04
3 C 4,50 0,09 4,40 0,08 4,96 0,14  3,75 0,11 5,12 0,13
4 C 2,45 0,13 4,14 0,05 3,99 0,11  4,11 0,08 4,43 0,05
   
1 D 3,01 0,08 4,99 0,20 3,91 0,08  4,76 0,11 3,26 0,07
2 D 5,40 0,09 5,28 0,10 5,21 0,10  5,95 0,12 2,74 0,05
3 D 4,25 0,05 4,49 0,06 4,00 0,09  5,41 0,08 2,80 0,22
4 D 6,21 0,14 4,45 0,12 4,96 0,05  4,84 0,18 4,65 0,06
AAM = active appearance model, and ASM = active shape model.
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Table 3. Overview of the difference (mean and 95% CI, mm) between the position  
of the mandibular canal when 4 different methods of tracing the mandibular canal were 
compared with histological sections of the corresponding CBCT sites in the dentate jaw.
Dentate  AAM   ASM   AAM-course  ASM-course
Site Distance Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI
1  A  1.20  [1.09...1.31]  3.32  [3.20...3.45]  1.59  [1.45...1.73]  3.91  [3.77...4.05]
2  A  2.29  [2.10...2.48]  2.28  [2.10...2.46]  1.18  [1.03...1.33]  0.54  [0.39...0.70]
3  A  2.36  [2.25...2.47]  2.31  [2.15...2.47]  -1.98  [-2.27...-1.68] -0.43  [-0.55...-0.31]
4  A  1.92  [1.83...2.01]  4.44  [4.31...4.58]  0.23  [0.09...0.37]  5.11  [5.02...5.20]
 
1  B  -1.71 [-1.96...-1.46] -3.97 [-4.22...-3.72] -1.76 [-2.02...-1.50] -4.06 [-4.31...-3.81]
2  B  -2.14 [-2.34...-1.94] -2.29 [-2.51...-2.07] -0.78 [-0.97...-0.58] 0.30 [0.10...0.50]
3  B  -3.16 [-3.34...-2.98] -2.85 [-3.05...-2.65] 0.53 [0.32...0.74] -0.46 [-0.65...-0.28]
4  B  -1.04 [-1.14...-0.93] -3.30 [-3.41...-3.20] 0.40 [0.28...0.52] -4.35 [-4.46...-4.25]
 
1  C  2.23 [2.14...2.31] 0.14 [0.05...0.23] 0.77 [0.68...0.86] 0.25 [0.16...0.35]
2  C  -1.21 [-1.33...-1.09] -2.44 [-2.57...-2.30] -0.27 [-0.38...-0.16] 0.04 [-0.06...0.14]
3  C  -2.85 [-2.94...-2.76] -2.23 [-2.33...-2.12] -0.98 [-1.14...-0.82] -1.23 [-1.34...-1.12]
4  C  1.08 [0.99...1.16] 0.84 [0.74...0.94] 0.36 [0.25...0.48] 0.68 [0.59...0.76]
 
1  D  -1.12 [-1.23...-1.02] -0.21 [-0.33...-0.10] 0.35 [0.25...0.45] -0.14 [-0.29...0.01]
2  D  1.41 [1.30...1.53] 2.85 [2.72...2.98] 0.51 [0.40...0.62] -0.05 [-0.16...0.06]
3  D  2.60 [2.52...2.68] 1.85 [1.77...1.93] 0.36 [0.23...0.49]  -0.11 [-0.27...0.04]
4  D  0.39 [0.29...0.49]  0.15 [0.04...0.27] 2.34 [2.22...2.46] 0.09 [-0.04...0.21]
AAM = active appearance model, and ASM = active shape model.
When the AAM method was used, distances ranged from 3.45 mm smaller to 3.27 
mm larger. When the ASM measurements were used, these differences ranged from 
minus or plus 4.44 mm. Manual annotation of the mandibular and mental foramina 
resulted in maximum differences of 5.60 mm below to 3.90 mm above the mean 
when the AAM-course method was used, and ranged from 4.35 mm below to 5.11 
mm above the mean. Confidence intervals showed that all comparisons, except five 
of the dentate samples in the ASM-course group, were significant (P = 0.0001).
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Table 4. Overview of the difference (mean and 95% CI, mm) between the position  
of the mandibular canal when 4 different methods of tracing the mandibular canal 
were compared with histological sections of the corresponding CBCT sites in the 
edentate jaw.
Edentate  AAM   ASM   AAM-course  ASM-course
Site Distance Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI
1 A 1.60 [1.46...1.74] 1.47 [1.35...1.59] 3.90 [3.77...4.02] 1.20 [1.09...1.30]
2 A 3.27 [3.19...3.35] 3.36 [3.27...3.45] 2.81 [2.73...2.89] 3.60 [3.52...3.68]
3 A 1.46 [1.37...1.55] 1.49 [1.41...1.56] 2.85 [2.75...2.94] 1.87 [1.75...2.00]
4 A 0.42 [0.37...0.48] 2.95 [2.86...3.04] 3.21 [3.11...3.31] 0.59 [0.49...0.69]
         
1 B -2.19 [-2.28...-2.09] -2.79 [-2.88...-2.69] -5.60 [-5.70...-5.49] -1.94 [-2.03...-1.84]
2 B -3.45 [-3.54...-3.36] -3.33 [-3.41...-3.24] -2.29 [-2.36...-2.22] -3.44 [-3.52...-3.35]
3 B -0.88 [-0.95...-0.82] -1.28 [-1.38...-1.19] -2.06 [-2.15...-1.97] -1.51 [-1.59...-1.43]
4 B -1.65 [-1.74...-1.56] -4.44 [-4.55...-4.33] -3.60 [-3.68...-3.53] -1.68 [-1.79...-1.56]
         
1 C 0.27 [0.18...0.37] -1.18 [-1.27...-1.09] -1.06 [-1.13...-1.00] -0.78 [-0.87...-0.69]
2 C 0.42 [0.33...0.52] 0.36 [0.29...0.43] 1.36 [1.29...1.43] -0.28 [-0.35...-0.20]
3 C -0.62 [-0.73...-0.51] -0.72 [-0.83...-0.62] -0.16 [-0.29...-0.02] -1.37 [-1.49...-1.25]
4 C -1.98 [-2.08...-1.88] -0.29 [-0.34...-0.24] -0.44 [-0.53...-0.35] -0.32 [-0.39...-0.25] 
         
1 D -0.25 [-0.33...-0.17] 1.73 [1.58...1.87] 0.65 [0.57...0.73] 1.50 [1.41...1.59]
2 D 2.66 [2.59...2.74] 2.54 [2.46...2.62] 2.47 [2.40...2.55] 3.21 [3.12...3.30]
3 D 1.45 [1.30...1.61] 1.69 [1.53...1.85] 1.20 [1.04...1.37] 2.62 [2.45...2.78]
4 D 1.56 [1.46...1.67] -0.20 [-0.30...-0.11] 0.31 [0.25...0.37] 0.19 [0.05...0.32]
AAM = active appearance model, and ASM = active shape model.
When the differences between the dentate and edentate measurements using the 
AAM method were analyzed, Pearson’s correlation coefficient was 0.67, indicating 
good agreement. When the ASM method was used, this correlation was even higher 
at 0.84. However, the correlations for the AAM-course and ASM-course methods were 
rather low (0.32 and 0.35).
The difference between CBCT measurements and histological measurements  
of more than 1.3 mm was substantial. Of 32 repeated measurements AAM = 20,  
ASM = 22, and AAM-course and ASM-course = 14 each, values were outside this 
threshold. These counts did not differ significantly (P = 0.097).
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DISCUSSION
Automatic tracing of the mandibular canal can provide advantages over manual 
tracing, as it might be more accurate and save time. However, our results show that 
it is still not accurate enough.
We know of few studies that have addressed the automatic tracing of the  
mandibular canal on CBCT data. 11-13 Kainmuller et al. 11 described an ASM that 
segmented both the mandibular body and the canal. A Dijkstra-based procedure 
was applied for fine-tuning. This algorithm calculates the shortest path between the 
different dark points in the canal. 13 Training comprised 106 manually segmented 
datasets. The mean distance compared with manual annotation of the mandibular 
canal was 1.0 ± 0.6 mm for the right canal and 1.2± 0.9 mm for the left canal. 
To obtain the mandibular and mental foramina Kim et al. 12 described  
an automatic method using 3D rendering of the panoramic volume and analysis  
of the texture. In a next step, a Dijkstra’s algorithm was used to segment the canal, 
and was tested on 10 CBCT datasets. Again, manual tracings of the canal were the 
gold standard. The mean distance to expert segmentation was 0.73 mm (SD 0.69).12 
Several more methods can be used to localize and segment the mandibular canal 
automatically, and Kroon13 modified and analyzed them for use with CBCT data.  
He tested the performances of the Lucas Kanade template tracking method,20 the 
Basis spline registration method,21 and the demon registration method, 22 and  
compared these with the AAM and ASM methods, before concluding that the AAM 
and ASM methods were best (which is why we chose them for the current study).
These models were used on 13 CBCT datasets in which the mandibular canal 
was annotated by an experienced oral and maxillofacial surgeon. 13 These manual 
tracings were also used for validation. The mean deviations from manual annotation  
using the modified AAM and ASM methods were 1.99 (SD 0.70) mm and 2.27  
(SD 0.69) mm, respectively. Kroon et al.13 already proposed more investigations  
to improve these results.
Because datasets were segmented manually, the results of these studies are hard 
to interpret and cannot be compared with our results. 11-13 Obviously, it is important 
to know the exact position of the mandibular canal preoperatively, and this may differ  
from a manually assigned position based on CBCT. We have therefore compared the 
automatically segmented canals with their anatomical position on histological slides 
as a reference.
Although we found no significant differences between the AAM and ASM methods 
of segmentation (with mean differences up to 3.45 mm between the histological and 
the automatic methods of segmentation) the AAM is better than the ASM method. 
The ASM method learns the variations in shape from training datasets, assuming  
a Gaussian distribution of shapes between subjects. Because the number of training 
datasets are limited to 13, this Gaussian assumption might not be valid, which  
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probably explains the large differences between the actual position of the mandibular 
canals and the position given by automatic segmentation.
The methods AAM-course and ASM-course were introduced to try to find out  
if the automatic segmentation of the methods based on the AAM and ASM methods 
were improved by the addition of manual annotations of both the mandibular and 
mental foramena. Surprisingly, differences between the AAM/ASM-course  
segmentation and histological sections were even larger (up to 5.60 mm). Apparently,  
as the variations in shape of the canals are limited because there are so few training 
datasets and, when the starting point and end point of the automatic segmentations 
are fixed, larger differences in the remaining course of the canal are the result.
An automatic method of segmenting the canal should equalise or even be better 
than manual tracings. The methods proposed by Kroon13 do not meet this standard. 
In two-thirds of the comparisons manual tracings of the canal were better than those 
automatically segmented.
The accuracy of manually marked tracings of the mandibular canal depends  
on the presence of teeth, resulting in more disturbances on CBCT images, and  
therefore an increase in errors of measurement, 16 which is why we included both  
a dentate and an edentate cadaver. Although differences between the histological 
and the CBCT measurements with both the AAM and ASM methods show similar 
patterns for the dentate and the edentate distances, correlation between the dentate 
and edentate measurements when the AAM-course and ASM-course methods were 
used was low, indicating that teeth had no effect on the outcome. Methods based  
on AAM and ASM, preceded by manual notation of the mandibular and mental  
foramena, apparently result in more random tracings and do not improve accuracy.
Two cadavers were measured at each of the four sites. Deviations in manual 
tracings of the mandibular canal increase, particularly towards the mental foramen.5 
Although the anterior sections are positioned in the second premolar region  
(the region of the anterior loop) the effect of automatic tracing of the mandibular 
canal in this region remained unclear. Our sample size was small, and because the 
study was designed to test the potential of methods of automatic tracing, this was 
acceptable. When differences between histological and CBCT sections are reduced 
as a result of improvements of the methods of automatic tracing, further research 
with larger samples and analysis of the whole canal will be needed.
The success of the segmentations is highly dependent on the quality of the images 
acquired by the CBCT scanner. There are many scanners commercially available, 
so the type of scanner, the technique of scanning, and the resolution may influence 
the success of the algorithms. The iCat scan- ner, configured with a low-resolution 
protocol, is used daily in our hospital and we therefore used it in this study. Results 
might be better with a different type of scanner and different scanning protocols.
Training datasets that comprise human cadavers, in which the true anatomical 
position of the course of the canal is established, are obligatory to develop accurate 
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automatic tracing algorithms for the mandibular canal based on previous knowledge. 
In this way human inaccuracy during manual tracing can be excluded. In the next 
study it will be important to increase the number of heads to deliver proper validation 
data that are relevant to clinicians.
In conclusion, we found no significant differences in automatic tracing of the 
mandibular canal between the AAM, ASM, AAM-course, and ASM-course methods. 
Differences between these methods and the true anatomical position of the mandibular 
canal are still substantial. Further training and validation on human cadavers are 
needed to optimize methods of automatic tracing of the mandibular canal.
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Purpose: The aims of this study were to investigate the effectiveness of cone beam 
computed tomography (CBCT) compared to panoramic radiography, prior  
to mandibular third molar removal in reducing patient morbidity, and to identify risk 
factors associated with inferior alveolar nerve (IAN) injury. 
Material and Methods: This multicentre, randomized, controlled trial was performed 
in three centres in the Netherlands. Adults with an increased risk for IAN injury,  
as diagnosed from panoramic radiography, were included in the study. In one arm 
of the study, patients underwent an additional CBCT prior to third molar surgery.  
In a second arm of the study, no additional radiographs were acquired. The primary 
outcome measure was the number of patient-reported altered sensations one week 
after surgery. As secondary outcome measures, the number of patients with  
objective IAN injury, with long-term IAN injury (> six months), the occurrence  
of other postoperative complications, the Oral Health Related Quality of Life-14 
(OHIP-14) questionnaire responses, postoperative pain (visual analogue scale  
score), duration of surgery, number of emergency visits, and number of missed  
days of work or study were scored.
Results: A total of 268 patients with 320 mandibular third molars were analyzed 
according to the intention-to-treat principle. The overall incidence of IAN injury  
one week after surgery was 6.3%. No significant differences between CBCT and 
panoramic radiography for temporary IAN injury (P = 0.64) and all other secondary 
outcomes were registered. A lingual position of the mandibular canal and narrowing, 
in which the diameter of the mandibular canal lumen was decreased at the contact 
area between the mandibular canal and the roots, were significant risk factors for 
temporary IAN injury. 
Conclusion: Although CBCT is a valuable diagnostic adjunct for identification  
of an increased risk for IAN injury, the use of CBCT does not translate into  
a reduction of IAN injury and other postoperative complications, after removal  
of the complete mandibular third molar. In these selected cases of a high risk for 
IAN injury, an alternative strategy, such as monitoring or a coronectomy, might  
be more appropriate. 
(http://clinicaltrials.gov, NCT02071030)
l   ABSTRACT
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INTRODUCTION
Removal of third molars is one of the most common surgical procedures for oral 
and maxillofacial surgeons, often followed by an uneventful convalescence. As with 
any surgical procedure, however, this procedure can also be associated with certain  
complications. One of the most distressing complications following mandibular 
third molar removal is damage to the inferior alveolar nerve (IAN) with subsequent 
neurosensory impairments in the lower lip and chin, which has a significant negative 
impact on the quality of life.1 The reported risk of temporary IAN injury associated 
with third molar removal ranges from 0.26% to 8.4%. The rate of permanent IAN 
injury, in which sensory impairment lasts longer than six months, is reported  
to be between 0.1 and 0.9%.1-5
Attempts have been made to identify risk factors for nerve damage, in order  
to reduce the incidence of IAN injuries.5 The most predictive factor for IAN damage 
is the proximity of the third molar root to the mandibular canal.5 It is important  
to assess the position and establish the relationship of the third molar with the 
mandibular canal preoperatively to minimise the risk of nerve injury. Panoramic 
radiography, which provides only two-dimensional (2D) information, is the standard 
diagnostic imaging modality for this purpose. Clinicians use various radiographic 
markers to indicate a close relationship between the third molar and the mandibular 
canal.6-8 If the radiological marker on the panoramic radiograph indicates that there 
is a close relationship between the third molar and the mandibular canal, additional 
investigation using cone beam computed tomography (CBCT) may be recommended 
to verify the relationship in a three-dimensional (3D) view.9-11 
CBCT scans are gaining popularity and, as such, are more often used in the 
preoperative assessment of the third molar-mandibular canal relationship. A CBCT 
bears the disadvantage of higher costs12 and higher radiation exposure compared 
to panoramic radiography. Although the radiation exposure of CBCT differs widely 
between devices, the mean effective dose of the mandible alone is reported  
to be 102µSv,5 which is five times higher compared to panoramic radiography with 
an effective dose of approximately 24 µSv.14 Therefore, it is important to weigh  
up the potential benefits of using CBCT against the higher costs and the risk of extra 
radiation exposure, especially in this group of young patients.15  
A systematic review concluded that evidence regarding the efficacy of CBCT for 
impacted teeth is still limited and that well-designed, randomized trials are needed 
to investigate the potential benefits of CBCT on patient’s outcome.16 Data from several 
retrospective studies and case series suggested a reduction in the incidence of IAN 
injury following third molar removal,11,17 whereas others reported no differences  
in outcome.18-20 Therefore, this study aimed to investigate the effectiveness  
of CBCT compared to panoramic radiography on the degree of patient morbidity for  
this commonly performed surgical procedure. The hypothesis was tested that CBCT  
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is superior compared to panoramic radiography in reducing the risk of IAN injury 
and other complications following removal of mandibular third molars in patients  
at increased risk for IAN injury.
 
MATERIAL AND METHODS
This randomized controlled trial (RCT) complies with the CONSORT statement 
2010 (http://www.consort-statement.org/).
Study design
The study was designed as a multicentre, randomized, controlled clinical trial 
with three participating departments of Oral and Maxillofacial surgery, comprising  
the following: Radboud University Medical Center, Nijmegen, the Netherlands  
(RUMCN); Rijnstate Hospital, Arnhem, the Netherlands (RHA); and a private clinic  
in Nijmegen, the Netherlands (PCN). The trial and the clinical protocol were approved 
by the institutional review board (CCMO Arnhem-Nijmegen, NL: 40492.091.12).   
All patients were informed about the study and provided written informed consent. 
The study was registered with http://www.clinicaltrials.gov under NCT02071030.
Patient selection and randomisation
Patients consulting for third molar removal received digital panoramic radiography 
at their first clinical visit on a standard basis. Adults (> 18 years of age) having  
one or two lower third molars with a close relationship with the mandibular canal 
were eligible for this study. The criterion for a close relationship was defined  
as a canal that was superimposed more than one half of the height of the mandibular 
canal by the roots of the third molar, which included the class 1, 2 and 3 relationship  
(Figure1A). 
Figure 1. Anatomical relationship between the mandibular canal and roots  
of the third molar.
A:  The vertical relationship between the mandibular canal and the roots  
of the third molar assessed on PR. 
Class 1:  the complete canal is over projected by the third molar root(s);  
the apex lies beneath the inferior border of the canal.  
Class 2:  the apex lies beneath one-half of the height of the canal until the inferior 
border of the canal.  Class 3: the apex lies at one-half of the height  
of the canal.
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Criteria for exclusion were pregnancy, radiological evidence of cyst or tumors,  
indication for removal under general anesthesia, preoperative neurosensory alterations 
and the existence of an external CBCT.
The surgical assistant recruited and randomly assigned the patients, using  
a computer random generator, after logging in on a secured website. The allocation 
concealment was guaranteed through the Web-based central concealment. 
Patients’ characteristics were recorded at baseline on the same website. These 
included possible risk factors associated with IAN injury and other postoperative 
complications.
B:  Shape of the mandibular canal as assessed on CBCT. The shape of the 
canal was classified as round, oval or narrowing in which the diameter  
of the canal lumen decreased at the contact area between the canal  
and the roots.
CBCT= Cone Beam Computed Tomography; PR= panoramic radiography.
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Interventions
Patients were allocated either to one of two groups. In the panoramic radiography 
group, participants received only digital panoramic radiography, which was made 
for the assessment of eligibility.  Soredex Cranex Tome (Soredex, Helsinki, Finland), 
Planmeca Promax (Planmeca, Helsinki, Finland) and Sirona Orthophos XG (Sirona 
Dental, Salzburg, Austria) devices were used. In the CBCT group, in addition  
to panoramic radiography, a high-resolution mandible scan was acquired before  
surgery. The i-CAT™ 3-D Imaging System (Imaging Sciences International Inc, 
Hatfield, PA, USA), Planmeca Promax 3D (Planmeca, Helsinki, Finland) and Galileos 
(Sirona Dental, Salzburg, Austria) were used.
All surgeons were experienced in the assessment of CBCT and panoramic  
radiography images. They based their surgical approach on information provided  
by the panoramic radiography and CBCT images, as described in a previous pilot 
study.21 All lower third molars were removed under local anesthesia without sedation  
and without antibiotic prophylaxis. Surgical variables, such as experience of the  
surgeon, duration of surgery and technique of third molar removal were registered  
in the website. Other intra-operative findings, such as IAN exposure, excessive 
hemorrhage, number and shape of the roots were also noted. All patients received 
a pain diary with a visual analogue scale (VAS) and a validated Dutch version of Oral 
Health Related Quality of Life-14 (OHIP-14) quenstionnaire22,23; data from one day 
before, until seven days after surgery were collected. A review appointment seven 
days after surgery was made.
Outcomes
The primary outcome measure was the number of patient-reported altered  
sensations one week after surgery.
 The secondary outcome measures were as follows: the number of patients 
with an objective IAN injury; permanent IAN injury (> six months); the occurrence 
of other postoperative complications (wound infection, alveolar osteitis); Oral Health 
Related Quality of Life-14 (OHIP-14) questionnaire responses; pain (VAS score); 
duration of surgery; number of emergency visits; and number of missed days of work 
or study. 
 In each centre, one blinded investigator, assessed the primary and secondary 
outcome measures. The patients were asked about neurosensory disturbances  
of the lip and chin. The function of the IAN was assessed by light touch sensation tests 
using Semmes Weinstein (SW) monofilaments 1.65 to 6.65, 2-P discrimination tests, 
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brush-stroke test, pin-prick test and thermal discrimination tests.24 Patients with 
altered sensation were examined at three weeks-, six weeks-, three months- and six 
months postoperatively, to register their recovery pattern. 
Evaluation of images
Two surgeons assessed all panoramic radiography and CBCT images. For the 
panoramic radiography images the angulation of the lower third molar, depth  
of impaction (Pell and Gregory classification),25 the vertical relationship between  
the roots and the mandibular canal, and signs indicating a close relationship according 
to the Rood & Shehab classification,8 were all assessed. 
CBCT images were assessed on sagittal, transversal and coronal slices of 0.2 mm 
thickness. The images were evaluated in all three dimensions to establish whether 
the cortical layer of the mandibular canal between third molar and IAN was still  
intact. The position of the mandibular canal in relation to the third molar was classified 
as lingual, buccal, interradicular, or inferior. Furthermore, the shape of the mandibular 
canal was classified as a round, oval or narrowing if the diameter of the canal lumen 
was decreased at the contact area between the mandibular canal and one or more 
roots (Figure 1B). 
Sample size
Hypothesis testing was conducted following the principles of superiority analysis 
(one-tailed test). Based an expected incidence of 12% in the panoramic radiography 
group32 and 4.6% in the CBCT group,9,26-28 two groups of evaluable 170 mandibular  
third molars were necessary with a power of 80% at a significance level of 5%. 
When subjects violating the study protocol where taken into account, a total of 190 
lower third molars were needed for inclusion in each group. 
Statistical methods
The primary and secondary outcome measures were analyzed according  
to the intention-to-treat principle. The means and standard deviations of normally  
distributed variables were calculated and analyzed by the independent-samples t-test. 
Nominal and dichotomous variables were analyzed by the Fischer exact or the 
Chi-squared test. 
Logistic regression analysis was performed in the per protocol group (Figure 2) 
to identify possible risk factors for IAN injury. The SAS® 9.2 software program  
(SAS Institute, Cary, NC, USA) was used for data analyses.
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RESULTS
Randomization and baseline characteristics
Between June 2013 and June 2014, a total of 341 patients with 477 third molars 
in the lower jaw where randomized in the three centers (RUMCN n=193; RHA n=156; 
and PCN n=128). In 27% of cases, patients did not make an appointment for third 
molar removal during the study period, and therefore more third molars were included 
than expected from the sample size calculations.
Eventually, 268 patients with 320 mandibular third molars were analyzed according 
to the intention-to-treat principle for the primary and secondary outcomes.  
Figure 2. Flow of patients (number of third molars). 
CBCT= Cone Beam Computed Tomography; PR= panoramic radiography; ITT=  
intention to treat; PP= per protocol
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The baseline characteristics and possible risk factors for postoperative complications  
were evenly distributed between the two intervention groups and there was  
no difference in baseline characteristics between treated subjects and the non- 
treated or non-returning subjects (Appendix A). Figure 2 represents the flow of the 
patients during the phases of the study. 
The results of the primary and secondary outcomes are presented in Table 1.
Table 1. Primary and secondary outcomes (intention-to-treat analysis)
Outcome
Primary outcome:
Subjective IAN injury (Day 7)
Secondary outcome:
Objective IAN injury (Day 7)
Permanent IAN injury  
 (> 8 months, mean 12 months)
Infection 
Number of emergency visits
Days of work or study (mean +/- SD) 
Duration of surgery in min (mean +/- SD)
Subjective difficulty of surgerya*
 • Easy
 • Straightforward
 • Normal
 • Difficult
 • Very difficult
OHIP – 14 (Day 1-7) [0-56] (mean +/- SD)  
 • Functional limitation [0-8] 
 • Physical pain [0-8] 
 • Psychological discomfort [0-8] 
 • Physical disability [0-8] 
 • Psychological disability [0-8] 
 • Social Disability [0-8] 
 • Handicap [0-8] 
11 (7.1)
8 (5.1)
5 (3.2)
24 (15.4)
25 
1.8 +/- 2.4
11.1 +/- 7.3
11 (7.1)
37 (23.7)
68 (43.6)
20 (12.8)
3 (1.9)
17 +/- 11
1.5 +/- 1.7
4.8  +/- 2.2
2.1 +/- 1.9
3.3 +/- 2.2
1.5 +/- 1.6
2.7 +/- 2.1
1.7 +/- 2.0
9 (5.5)
8 (4.9)
2 (1.2)
31 (18.9)
36
2.1 +/- 2.4
11.9 +/- 8.8
7 (4.2)
38 (23.2)
59 (36.0)
37 (22.6)
8 (4.9)
18 +/- 13.3
1.5 +/- 1.7
4.6 +/- 2.4
2.3 +/- 2.2
3.3 +/- 2.5
1.8 +/- 2.1
2.6 +/- 2.2
1.9 +/- 2.4
0.64
1.0
0.27
0.77
0.41
0.07
0.91
0.035
0.95
CBCT PR  
n = 156 (%) n = 164 (%) P-value
92
Pain (VAS-score, day 1-7) [0-10] (mean +/- SD) 
 • Day 1 
 • Day 2 
 • Day 3 
 • Day 4 
 • Day 5 
 • Day 6 
 • Day 7 
4.2 +/- 2.0
5.3 +/- 2.3
4.8 +/- 2.3
4.6 +/- 2.3
4.2 +/- 2.3
3.8 +/- 2.4
3.3 +/- 2.4
2.7 +/- 2.4
4.1 +/- 2.3
4.8 +/- 2.6
4.6 +/- 2.6
4.3 +/- 2.6
4.1 +/- 2.7
4.0 +/- 2.6
3.7 +/- 2.6
3.2 +/- 2.7
0.77
Primary outcome
The overall incidence of patient-reported altered sensations one week after 
surgery was 6.3%. For subjective IAN injury, one week after surgery, no significant 
difference was found between the CBCT and panoramic radiography group (Fisher’s 
exact test, one sided, P = 0.36)
Secondary outcomes
Patients with temporary IAN injury showed significantly higher pain scores (mean 
5.2 +/- 1.9 vs mean 4.1 +/- 2.2, P = 0.02) and worse OHIP-14 scores regarding 
functional limitation (mean 2.8 +/- 2.2 vs mean 1.2 +/- 1.6, P = < 0.003) and  
physical disability (mean 5.1 +/- 2.5 vs mean 3.3 +/- 2.3, P = <0.004) compared  
to patients without IAN injury. 
No significant difference between the CBCT and panoramic radiography group 
was observed for quality of life scores in the first week following third molar removal 
(OHIP-14 scores, P = 0.95), pain (VAS) scores from day one until day seven (P = 0.77), 
objective IAN injury one week after third molar removal (P = 1.0), permanent IAN 
injury measured between 8 months and 16 months (mean 12 months) following 
surgery (P = 0.27), number of third molars with a postoperative infection in the first 
2 months (0.77), and the duration of surgery (P = 0.99). Outcomes regarding direct 
and indirect cost issues of treatment, such as number of emergency visits (P = 0.41) 
and days of work or study (P = 0.074) were also not significantly different between 
the CBCT and panoramic radiography group. 
CBCT= Cone Beam Computed Tomography; PR=Panoramic radiography;  
IAN= Inferior alveolar nerve; VAS= visual analogue scale (range 1-10); OHIP-14= 
Oral Health Impact Profile-14; SD= standard deviation.
* Statistically significant difference (P<0.05).
a  Difficulty of surgery is rated within the scope of the inclusion criteria of the study 
(more complex removals).
Table 1. Primary and secondary outcomes (intention-to-treat analysis)
CHAPTER 6   l   93
6
Table 2. Risk factors for IAN injury (per protocol analysis).
Demographic variables:
Age
 • 18-25y (R)
 • >26y 
Gender
 • Male (R)
 • Female 
Side 
 • 38 
 • 48 (R)
Surgical variables:
Experience of the surgeon
 • Senior 
 • Resident (R)
 • ≥ 3000M3 removed (R)
 • <3000 M3 removed
Anatomical variables PR:
Over projection root MC *
 • Class I 
 • Class II (R)
 • Class ≥III 
Signs of close relationship*
 • Darkening of the roots
 • Interruption of white line
 • Other signs
 • No signs (R)
Anatomical variables CBCT:
Buccolingual position MC*
• Lingual
• Buccal (R)
• Inferior
• Interradiculair
13
7
4
16
12
8
11
9
15
5
16
4
0
15
5
0
0
203
85
100
188
137
151
163
125
203
85
66
138
84
74
73
7
134
1
1.29
1
2.13
1.65
1
0.94
1
1
1.26
8.36
1
0.32
NE
NE
NE
NE
0.49-3.33
0.69-6.54
0.66-4.17
0.38-2.33
0.44-3.57
2.69-26
0 – 2.55
0.62
0.23
0.36
1.0
0.80
< 0.0001
< 0.0001
Variable   Odds Ratio 95%CI P- value
IAN  
injury
n= 20
(n=11)
9
1
0
1
(n=136)
31
57
41
7
16.0
1
NE
8.14
1.94-132
0.46-145
0.0002
No IAN 
injury
n= 288
94
Contact root with MC*
• Yes 
• No (R)
Shape of MC*
• Round/oval (R)
• Narrowing
11
0
2
9
68
68
108
28
22.7
1
1
17.5
1.3-392
3.58-85.7
< 0.0001
< 0.0001
Risk factors
No statistically significant association with temporary IAN injury was found for 
age, gender, side of lower third molar removal, or experience of the surgeon (Table 2). 
Binary logistic regression analysis showed that the vertical distance between 
mandibular canal and root, as diagnosed using panoramic radiography, was a risk 
factor for temporary IAN injury (P < 0.0001). The risk of IAN injury increased  
significantly in class 1 relationship, when the complete mandibular canal was  
superimposed on the roots of the third molar. In addition, darkening of the roots and 
interruption of the white line of the mandibular canal were significantly associated 
with a higher risk for temporary IAN injury (P < 0.0001).
For CBCT, narrowing of the mandibular canal (P < 0.0001) and contact of the 
root with mandibular canal (P < 0.0001) were associated with an increased risk  
of temporary IAN injury. A lingual position of the mandibular canal had an  
approximately 16-fold increased risk for temporary IAN injury compared to a buccal 
position (odds ratio (OR)= 16, 95% confidence interval (CI)=1.94-132, P < 0.009). 
Figure 3 represents the incidence of temporary and permanent IAN injury  
categorised in the anatomical relationship between the third molar root and the 
mandibular canal. In the group of patients with a class 1 vertical relationship  
in combination with signs indicating a close relationship as diagnosed using panoramic 
radiography, the incidence of temporary and permanent IAN injury was 25% and 
11%, respectively. When CBCT was performed in this group of patients, the incidence 
was 58% and 42%, respectively, in cases of a lingual position in combination with 
narrowing of the mandibular canal at the contact area between the mandibular canal 
and the roots. 
IAN= inferior alveolar nerve; CI= Confidence interval; y= year; (R) = referenc; MC = 
mandibular canal; PR = panoramic radiograph; CBCT = Cone Beam Computed  
Tomography; NE = non estimable.
* Statistically significant association (P<0.05).
Table 2. Risk factors for IAN injury (per protocol analysis)
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Figure 3. Incidence of temporary and permanent IAN injury.
PR= panoramic radiograph; MC= mandibular canal, CBCT= cone beam computed  
tomography; Temp= temporary IAN injury; Perm= permanent IAN injury; T= total; 
NI= no IAN injury; I= IAN injury. 
*In the group of patients with a class 1 relationship in combination with signs  
indicating a close relationship between the mandibular canal and third molar root,  
he incidence of temporary and permanent IAN injury were 42% and 26%, respectively, 
if the mandibular canal was in a lingual or interradicular position. 
**In the group of patients with a class 1 relationship in combination with signs  
indicating a close relationship between the mandibular canal and third molar root,  
the incidence of temporary and permanent IAN injury was 58% and 42%, respectively, 
if the mandibular canal was in a lingual position in combination with narrowing of the 
mandibular canal.
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DISCUSSION
In this one-year multicenter, randomized clinical trial, no significant difference 
was found between the use of CBCT and panoramic radiography on the degree  
of patient morbidity following mandibular third molar removal. Therefore our hypothesis 
was rejected. 
It is suggested that the additional information provided by the CBCT might alter 
the surgical approach during the removal of the mandibular third molar and thereby 
prevent injury to the IAN.11-21 
Significantly more patients were reclassified to a lower risk for IAN injury after 
reviewing the CBCT images compared to panoramic radiography.21 Surprisingly, this 
clinical study showed clearly that this ‘safe feeling’ generated by the CBCT images 
did not lead to less temporary IAN injuries. Therefore, in future studies, it would  
be of interest to measure the impact of CBCT on the modification of the surgical 
approach during third molar removal.  
Although the characteristics that define the surgical difficulty of the third molar 
were similar in this study between the CBCT and panoramic radiography groups,  
the surgeons assessed the third molar removal as significantly more difficult in cases 
in which no CBCT image was available. Having a CBCT might result in a ‘safe feeling’ 
for the surgeon, knowing the precise anatomical relationship.21 However, the results 
of this study show that the risk of temporary and permanent IAN injury and other 
complications for both the panoramic radiography and CBCT group is the same.  
A recent study using data from insurance companies in Finland, corroborated that, 
despite a rapid increase in CBCT examinations prior to third molar removal,  
the incidence of permanent IAN injury was not reduced.29 Also Guerrero et al (2014) 
compared the CBCT to panoramic radiography in predicting postoperative  
complications following third molar removal, however, these investigators excluded  
‘high-risk’ cases, and criteria for this high risk were not reported.30 Similar to the 
results of this study, no significant difference between the CBCT and panoramic 
radiography group was found for the outcomes of IAN injury and other postoperative 
complications. 
To our knowledge, this is the first RCT in which patients with high risk for IAN 
injury were included, all possible risk factors for postoperative complications were 
registered prospectively and important outcomes such as quality of life and number 
of missed days of work or study were measured. Due to the Web-based randomization 
and data entry, the risk of selection and attrition bias was limited. The baseline  
characteristics and possible risk factors for IAN injury and other postoperative  
complications were very well balanced between both study arms. Furthermore,  
the study was performed in three centers with different surgeons being educated  
in different cities, which implies good generalisability.  
CHAPTER 6   l   97
6
The subjective temporary IAN injury was chosen as the primary outcome measure 
to reflect the importance of patient-reported outcomes.31 Although the outcome 
assessors were blinded, the study participants were not blinded to the intervention. 
According to the informed consent, patients were accurately informed about potential  
risks and benefits of the CBCT, which might have influenced patient attitudes regarding 
the subjective outcomes. However, no difference in the objective IAN injury between 
the two groups was found, and therefore non-blinding of participants was not expected 
to have any influence on the results. 
Sample size calculations were based on expected incidence of temporary IAN 
injury found in the literature for the CBCT and panoramic radiography groups. For 
the CBCT group, the incidence of temporary IAN injury was calculated by performing 
meta-analyses from four studies, which was estimated as 4.6%.9,26-28 An estimation 
of the expected incidence of IAN injury for the panoramic radiography group was 
more challenging, since there is a great variance in study designs regarding patients’ 
characteristics, experience of the surgeons, and, most importantly, the radiographic 
markers being used to indicate a close relationship between the mandibular canal 
and the third molar roots. Only one study was identified, comprising 2,528 subjects, 
in which the same inclusion criteria, as those used in the present study, were reported:  
the class 1,2 and 3 over projections.32 The 12% incidence of temporary IAN injury 
reported herein was used to calculate the sample size needed for the present study, 
which was significantly higher than the incidence of temporary IAN injury of 5,5% 
eventually found in the present study for the panoramic radiography group. This 
might imply that twice the number of patients should have been included. However, 
since in the panoramic radiography group fewer temporary IAN injuries were found, 
we do not expect that a larger sample size would have changed our current conclusion. 
It has been reported that the risk of injury is reduced in experienced hands.11 
In this study, no significant association between the experience of the surgeon and 
temporary IAN injury was seen, which is in line with other studies.5,32 In five of the 
seven cases of permanent IAN injury, surgery was performed by experienced senior 
surgeons. So, even in experienced hands, manipulating the neurovascular bundle 
during removal of the third molar roots carries a risk of causing temporary and  
permanent IAN injury. In these high-risk cases, a coronectomy might be a good 
alternative, by removing only the crown and leaving the roots undisturbed.  
Coronectomy is reported to be a safe procedure, with no increase in alveolar osteitis, 
infection or pain in the short term.33 However, a recent Cochrane systematic  
review concluded that the two RCT’s performed had a high risk of attrition bias  
and were therefore not sufficiently reliable to include in the review. Furthermore,  
long-term adverse effects associated with coronectomy are not known.31 Therefore,  
it is advocated to perform a coronectomy only in selected cases of a high risk  
of IAN injury.34 
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The CBCT proved to be superior compared to panoramic radiography for selecting 
these high-risk patients.9,10,32 In the present study, a lingual position and narrowing 
of the canal at the contact area between the canal and the roots were strong risk 
factors for a temporary IAN injury. In 2009, for the first time, a significant association 
was described between a lingual position of the mandibular canal and IAN injury 
following third molar removal.9 This was confirmed later by several retrospective32,35 
and prospective studies.36 Recently, narrowing of the canal on CBCT images was 
also reported to be a significant risk factor.36-37
In the present study, the shape of the mandibular canal was determined to be an  
important risk factor for temporary IAN injury. A significantly more round or oval 
canal was found, when the canal was in a buccal or inferior position in relation to the 
roots of the third molar, where apparently sufficient space for the mandibular canal 
was present. Narrowing of the mandibular canal was more prevalent if the canal  
was in a lingual or interradicular position. It is hypothesised that, due to a lack  
of space, the canal shows a narrowed configuration, imply that, by even the slightest 
pressure executed during third molar removal, the already ‘compressed’ canal may 
get crushed even further between the lingual cortex and the third molar root. This 
risk increases when the surface area of contact between the third molar root and the 
narrowed mandibular canal is larger,38 which is more prevalent in the class 1 vertical 
relationships. 
Due to the low incidence of IAN injury, it was not possible to perform a multivariate 
risk analysis to investigate the independent predictors for an IAN injury. Meta-analyses 
of well-designed trials are needed to further identify these predictors. 
In conclusion, in case of complete mandibular third molar removal, CBCT,  
as compared to panoramic radiography, is not effective in reducing postoperative 
morbidity and has no effect on the quality of life. However, CBCT is a valuable  
diagnostic adjunct for identification of patients at increased risk for IAN injury.  
In cases of a high risk for IAN injury, an alternative strategy, such as monitoring 
(conservative management) or a coronectomy, might be more appropriate. 
In the authors’ view, CBCT is specifically indicated in cases of a class 1 vertical 
relationship in combination with signs indicating a close relationship as diagnosed 
using panoramic radiography. Total removal of the mandibular third molar  
is not advocated in selected cases of a lingual or interradicular position, when the  
mandibular canal is narrowed at the contact area between the canal, and when  
the third molar roots are deflected around the mandibular canal (Figure 4).
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Figure 4. The panoramic radiograph shows an impacted 38 with a class 1 vertical  
relationship in combination with interruption of the white lines of the mandibular 
canal, which indicates an increased risk for inferior alveolar nerve (IAN) injury (A).  
In such case, a CBCT would have an additional value to distinguish between a low  
risk and high risk of IAN injury. If the mandibular canal had a buccal position  
in combination with a round shape, careful removal of the complete third molar would 
not have increased the risk for IAN injury. In this case, however, the roots were fully 
deflected around the interradicular positioned canal, and IAN injury occurred during 
complete removal of the third molar (B). An alternative strategy, such as monitoring 
(conservative management) or a coronectomy, might have been more appropriate.
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Appendix A. Baseline characteristics. 
Demographic variables:
Age
 • 18-25
 • 26-35
 • 36-45
 • 46-55
 • 56-65
 • >65
Gender
 • Female
 • Male
Health status variables:
ASA classification
 • 1
 • 2 or >2
Diabetes Mellitus (yes)
Immune deficiency (yes)
Other chronic condition, medical  
 treatment (yes)
Female using oral contraceptive  
 drugs (yes)
Current smoking (yes)
Current alcohol (>3 day)
Oral hygiene
 • Good
 • Poor
 • Bad
Anatomic variables:
Angulation of the third molara
 • Vertical
 • Disto-angular
 • Mesio-angular
 •  Horizontal
 • Transverse
 ITT group   Excluded
 CBCT  PR  P  CBCT  PR
 (n = 156)  (n=164)   (n = 65)  (n = 92)
116
31
6
1
2
0
109
47
134
20
0
0
5
66
20
2
125
12
2
55
8
74
17
1
108
44
9
2
0
1
104
60
142
22
2
0
7
63
22
2
139
12
0
49
19
72
20
2
0.30
0.29
1.0
0.49
1.0
0.77
0.55
1.0
1.0
0.32
0.26
47
13
4
1
0
0
44
21
63
2
0
0
2
16
7
0
45
3
0
18
2
34
10
0
66
24
1
1
0
0
53
39
76
16
1
0
6
28
12
0
60
1
0
27
3
46
14
1
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Appendix A. Baseline characteristics. 
Depth of impactionb
Tooth covered by anterior border  
 of ramus 
 • Class I
 •  Class II
 •  Class III
Depth of impaction to the adjacent   
 tooth
 • Class A
 •  Class B
 • Class C
Signs of close relationship (PAN)
 • Darkening of the roots
 • Interruption of the white line
 •  Diversion of the canal
 • Narrowing of the roots
 • Deflection of the roots
 •  Narrowing of the canal
 • No signs 
Over projection root with MC
 • Class 1
 • Class 2
 • Class 3
 • Class > 3
Surgical variables:
Experience surgeon
 • <100 M3 removed
 • 101–500 M3 removed
 • 501–1000 M3 removed
 • 1001-3000 M3 
 • > 3000 M3 removed
 •  Resident
 • Senior staff
Type of incision
 •  Envelope
 •  Triangular
 •  Other
52
97
7
31
106
19
44
77
9
2
6
0
65
34
82
26
14
9
18
17
4
108
67
89
43
96
9
60
92
11
36
99
28
50
73
9
1
15
3
73
50
66
36
11
8
11
15
11
118
72
91
45
101
9
0.75
0.71
0.71 
0.43
1.0
0.61
0.07
0.25
0.65
0.086
0.37
0.91
0.52
23
39
2
10
43
11
14
28
5
0
4
2
35
20
26
12
6
0
0
1
1
9
5
6
4
7
0
14
72
5
18
61
12
19
31
2
1
6
1
52
30
36
17
9
0
1
1
1
13
7
9
2
11
3
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Surgical variables:
Experience surgeon
 • <100 M3 removed
 • 101–500 M3 removed
 • 501–1000 M3 removed
 • 1001-3000 M3 
 • > 3000 M3 removed
 •  Resident
 • Senior staff
Type of incision
 •  Envelope
 •  Triangular
 •  Other
Removal of buccal bone (yes)
NAI exposure (yes)
Number of roots
 • 1
 • 2
 • >2
Shape of roots
 • Conical
 • Straight
 • Curved
 • Incomplete root formation
Sectioning crown/roots (yes)
Sutures
 • 0
 • 1
 • 2
 • 3
 • >3
Technique of closure 
 • No closure
 •  Complete closure
 • Opening from occlusal 
 • Opening from mesial
Monoject for post-op rinsing (yes)
9
18
17
4
108
67
89
43
96
9
114
27
19
111
16
22
69
47
8
94
1
13
61
60
12
1
46
77
24
65
8
11
15
11
118
72
91
45
101
9
128
36
12
113
17
30
59
59
5
104
1
8
58
76
10
1
51
59
42
83
0.37
0.91
0.52
0.24
0.32
0.83
0.27
0.55
0.52
0.058
0.051
0
0
1
1
9
5
6
4
7
0
10
3
0
8
3
1
6
4
0
9
0
1
5
5
0
0
6
3
2
4
0
1
1
1
13
7
9
2
11
3
12
1
1
14
1
1
10
5
0
10
0
3
3
9
1
0
4
6
6
6
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Pathological variables:
Pericoronitis (yes)*
Pocket > 4mm (yes)
Caries
Other
VAS pre-surgery  
 (mean +/- s.d.)
OHIP-14 pre-surgery  
 (mean +/- s.d.)
27
39
7
  
1.2 +/- 2.4
4.4 +/- 4.6
45
60
4
1.0 +/- 2.1
3.6 +/- 3.9
0.042
0.062
0.37
0.77
0.22
4
11
1
0.8 +/- 2.1
2.8 +/- 3.1
9
18
0
0.8 +/- 1.8
3.2 +/- 3.9
ASA= American Society of Anaesthesiologists; VAS= visual analogue scale  
(range 1-10); OHIP-14= Oral Health Impact Profile-14; SD= standard deviation.
aWinters classification.
bPell & Gregory classification.
* Statistically significant difference (P<0.05).
Appendix A. Baseline characteristics. 
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Background: Bifid mandibular canals (BMCs) and trifid mandibular canals (TMCs) 
are variations on the normal anatomy with incidences ranging from 0.08% to 65.0%. 
Such aberrations have an important clinical impact. For example, an extra mandibular 
canal may explain inadequate anesthesia, especially when two mandibular foramina  
are involved. Furthermore, during mandibular surgery, a second, or even third, 
neurovascular bundle may be damaged causing paresthesia, neuroma development, 
or bleeding.
Case report: Two cases are presented in this article. One patient had a BMC on both 
sites, and the other patient had a TMC on one site and a BMC on the other site.
Discussion: Initial screening for the presence of a BMC or TMC can be executed  
by conventional panoramic radiography. BMCs or TMCs are diagnosed, before 
executing mandibular surgery; additional cone beam computed tomography (CBCT) 
scanning is indicated.
l   ABSTRACT
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INTRODUCTION
The inferior alveolar nerve (IAN) is of particular interest to all who work in the 
field of oral maxillofacial surgery for obvious reasons. For example, a reliable insight  
in the three-dimensional (3D) relationship of the mandibular third molar root with 
the mandibular canal is essential for an optimal surgical procedure to remove 
wisdom teeth, thereby taking care to avoid any pressure on the IAN.1 Also, the IAN 
may be traumatized by an implant intruding into the canal or penetration by the drill 
preceding implant placement.2 In addition, in cases of a bilateral sagittal split  
osteotomy, 3D information about the IAN may prevent nerve damage during surgery.
In contrast to the panoramic radiography, computed tomography (CT) allows 
3D insight. However, drawbacks of CT are the higher radiation dose3 and elevated 
financial costs compared to panoramic imaging. Recently, cone beam computed 
tomography (CBCT) has been introduced in an effort to improve the performance  
of the conventional CT, such as reducing the radiation dose4, offering high spatial 
resolution5, and decreasing the costs. As the CBCT gains popularity, more anatomical 
aberrations of the IAN will be recognized and 3D presented. 
As main trunk of the IAN, the trigeminal nerve emerges as the fifth cranial nerve 
from the lateral surface of the pons in both a motor and a sensory root. Subsequently, 
the sensory root expands into the trigeminal ganglion, from which three divisions  
of the nerve arise. As one of these, the mandibular nerve passes through the foramen  
ovale to the infratemporal fossa, wherein subsequently different branches are  
sprouted. One of them is the IAN, which enters the lower jaw as a sensible nerve  
at the mandibular foramen and runs in company with the mandibular vessels in the 
mandibular canal anteriorly, gradually crossing from a lingual to a more buccal plane. 
It supplies the mandibular teeth with sensory branches that form into the inferior 
dental plexus and give off small dental nerves to the teeth6. 
The craniocaudal and buccolingual positions, as also the branching pattern  
of the neurovascular bundle, differ within the mandibular body when different  
mandibles are compared. At the mental foramen, the nerve leaves the corpus  
mandibula mostly after a short recurrent intraosseous course, creating the so-called 
anterior loop.7 The shape, curve, and direction of this terminal segment are quite  
variable. Before the nerve leaves the corpus mandibula, it gives birth to a small 
branch as the continuation of the IAN, which prolongs its course inside the mandible 
and innervates the mandibular canines and incisors.
Additionally, the position of the mental foramen itself also varies. Nevertheless,  
it is mostly situated below the apex of the second premolar.1,2,6,8 Due to its  
considerable variation in course, it can be difficult to predict the exact position of the 
IAN, thus frustrating a proper preoperative planning.
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CASE REPORT 1
A 22-year-old healthy female was referred because of pain located at her lower 
right wisdom tooth. Intra-oral examination revealed inflammation of the pericoronal 
mucosa (pericoronitis) around the partially erupted molar, due to ineffective cleaning. 
On the routinely performed panoramic radiograph (Figure 1a), bilaterally, a bifid 
mandibular canal (BMC) was suggested. This was confirmed by CBCT imaging using 
axial and coronal cross-sections (Figure 1b, c).
On both sides, two mandibular canals were observed ending into one single mental 
foramen. The detailed cross-section at the right side shows that the lowest canal 
showed no relation with the apical part of the root. The upper canal, however, was 
positioned lingually of the root, a sign of high risk for nerve damage.1 The patient 
was informed about the presence of this anatomical aberration, an informed consent 
was given, and one week later, the wisdom tooth was surgically removed. To avoid 
pressure on the IAN, first, the roots were sectioned and, subsequently, individually 
mobilized in a strict buccal direction. Post-operatively, the patient experienced  
a normal sensibility, and the further course was completely uneventful.
Figure 1. a Panoramic radiograph. b Coronal cross section. c Axial cross section.
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Figure 2. Panoramic radiograph showing 2 mandibular canals (see arrows).
Figure 3. Showing coronal cross sections. 
a Before the splitting of the canal. 
b The bifurcation just started. 
c Showing 2 separate canals. 
d Vertical course of the retromolar canal.
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CASE REPORT 2
A 26-year-old healthy male was referred for surgical removal of both his impacted 
mandibular third molars. Intra-orally at both sides, pericoronitis was observed, causing 
severe complaints. The pre-surgical panoramic radiograph (Figure 2) revealed only 
at the right side a duplicated mandibular canal. Surprisingly, an additional CBCT with 
coronal cross-sections (Figure 3) elucidated an extra canal on both sides, implicating 
the presence of two canals (BMC) for the left side and even 3 canals (trifid mandibular 
canal, TMC) for the right side. These two unexpected extra canals showed a backward 
loop to the retromolar region (Figure 4).
After informing the patient about the risk of IAN damage, it was decided to remove 
both wisdom teeth in two separate sessions. Both surgical procedures were uneventful, 
and post-operatively, the patient experienced normal sensibility.
Figure 4. Reconstruction with mandibular canal tracing, showing the bifid and trifid 
mandibular canals.
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DISCUSSION
Despite the shortcomings of panoramic radiographs, like distortions and  
a two-dimensional visualization9,10, anatomical variations of the mandibular canal 
can be detected. However, 3D radiographs offer more insight in the exact position  
of the canal, specifically about its buccolingual position. 
Recently, CBCT has been introduced in an effort to compensate the shortcomings 
of the conventional CT, such as the higher radiation dose, lower spatial resolution,  
and the higher costs.5,11 In addition, with the use of 3D image-based planning 
software, the course of the mandibular canal can be marked at different locations 
depicting anatomical variations more clearly (Figure 2 and 3).
Variations of the mandibular canal, such as BMC, are reported with incidences 
ranging from 0.08% to 65.0% (Table 1).12-16 The first-mentioned TMC was only 
based on a conventional optical projection tomography, however, not confirmed  
by CBCT. Causes for misinterpretation underlying a false double-canal radiograph 
using a conventional panoramic radiograph may include the imprint of the mylohyoid 
nerve on the internal mandibular surface, where it separates from the IAN and travels 
to the floor of the mouth. Another explanation is the radiologic osteocondensation 
image produced by the insertion of the mylohyoid muscle into the internal mandibular 
surface, with a distribution parallel to the dental canal.17,18 The first established 
case of a TMC was presented in a study on dry mandibles.13 
Identifying aberrant courses of the IAN, and thereby recognizing surgical pitfalls, 
became much easier by the introduction of CBCT. Obviously, BMCs and TMCs have 
important clinical implications, for example, in explaining the reason for inadequate 
anesthesia, especially when two mandibular formina are involved.19 Furthermore, 
planning of third molar removal needs extra attention when bifid or trifid canals  
are present in that specific area. In addition, damaging a second, or even third, 
neurovascular bundle can cause complications such as a paresthesia, neuroma,  
or bleeding.
To conclude, initial screening for the presence of a BMC can be executed by 
conventional panoramic radiography. In case BMCs are diagnosed, before executing 
mandibular surgery, additional CBCT scanning is indicated. The CBCT can also reveal 
any TMCs and gives insight in the exact course of the canals.
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Table 1. Type of study, type of radiography, and incidence of BMC and TMC.
Author
Auluck, 200712  
Bogdán et al., 200613 
Claeys et al., 200520
Dario, 200214 
Durst et al., 198021 
Grover et al., 198319 
Karamifar et al., 200922 
Kaufman et al., 200023 
Langlais et al., 198524 
Miloglu et al., 200925 
Naitoh et al., 201016 
Nortje et al., 197726 
Sanchis et al., 200327 
Wadhwani et al., 200828 
Type of study 
Case report 
Cadaver study 
46 dry mandibles
1,000 patients 
Case report 
Case report 
1,024 patients 
5,000 patients 
Case report 
Case report 
6,000 patients 
Case report 
122 patients 
3,612 patients
 
2,012 patients
 
2,012 patients 
Type 
of  
radiography 
OPT 
– 
OPT
 
CT
OPT
OPT
OPT
OPT
CT
OPT
CT
CBCT
OPT
OPT
OPT
Incidence 
of BMC
5 cases 
8 cases,  
17.4% 
2 cases, 
0.2%
1 case 
1 case 
85 cases, 
8.3% 
4 cases, 
0.08% 
1 case 
1 case 
57 cases, 
0.95% 
1 case 
79 cases, 
65% 
33 cases, 
0.9% 
7 cases, 
0.35%
2 cases 
Incidence 
of TMC
1 case
1 case, 
2.2%
0
0
0
0
1 case 
0
0
0
0
0
0
0
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l     CHAPTER 8
GENERAL DISCUSSION
INTRODUCTION
Radiographic imaging techniques for pre-surgical analysis are rapidly developing 
in Oral and Maxillofacial (OMF) surgery. At present, surgeons still use mainly  
conventional two-dimensional (2D) radiographic images (e.g. lateral cephalograms, 
panoramic tomography and intra-oral X-rays) and, therefore, are confronted with their 
limitations. Since the beginning of this millennium, cone beam computed tomography 
(CBCT) data, enhanced with three-dimensional (3D) image-based planning software, 
enable individualized 2D multiplanar views and 3D reconstructions with relatively low 
exposure to ionizing radiation. These technological advances gave, and still give,  
an enormous boost to the diagnostic process in OMF surgery.1-3
In recent years, many articles have been published covering specific subject 
areas in the field of OMF imaging applying CBCT data. To date, only few studies 
assessed the accuracy of pre-surgical investigation of the mandibular body and the 
mandibular canal using CBCT images.4-7 In order to improve understanding of this 
subject, this thesis focuses on this topic. 
Chapters 2, 3 and 4 described the accuracy of measurements on anatomical 
structures of the lower jaw, which focuses on manually marked mandibular canals 
and mandibular body bone distances. In literature, several techniques are outlined 
that automatically segment the mandibular canal. Most of these methods were  
developed for the use on multi-slice computed tomography (MSCT) data.8-11  
However, a few of these are also applicable on CBCT data.12-14 In chapter 5,  
the accuracy of several automatic mandibular canal segmentation methods  
on CBCT data is evaluated. The last two chapters (chapters 6 and 7) dealt with the  
pre-surgical assessment of the mandibular canal when it is located adjacent to the 
third molar. 
The conducted studies will be discussed in ‘Address to the aims’ and also  
in ‘Future aspects’, as these studies are the motivation for continuing research.
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ADDRESS TO THE AIMS
Which mandibular canal tracing method is most reproducible and can therefore 
be used preferably?
Before work was begun on this thesis, it was unclear which CBCT image  
or combination of views should be used to optimally trace the mandibular canal  
in a pre-surgical assessment. In clinical practice, different strategies are applied. 
To evaluate the close contact between the third molar and the mandibular canal 
sagittal, transversal and coronal planes are used. In relation to implant placement, 
when the canal is surrounded only by bone, especially cross-sectional images, 
panoramic-like reconstructions or the combination of both are utilized to assess the 
position of the canal. Because the ultimate goal was to determine the accuracy  
of the assessment of the position of the mandibular canal, when it is freely positioned 
from other anatomical structures within the mandibular body, cross-sectional and 
panoramic-like planes were selected to investigate the most reproducible method.
The results of this study (chapter 2) revealed that the reproducibility was the 
highest when a quick tracing was performed first on the panoramic image, directly 
followed by a more accurate correctional tracing on cross-sectional images.  
Therefore, in chapter 3, in which the position of the mandibular canal on CBCT images 
was compared with its position on histological slices, this combined method was 
used to manually mark the mandibular canals.
The outcome of the first chapters significantly changed our routine clinical  
practice. Today, a thorough pre-surgical investigation of the canal is performed for 
every orthognathic patient undergoing a bilateral sagittal split osteotomy and/ 
or genioplasty. This time-consuming tracing is performed also in bone harvesting 
and dental implant placement procedures, when the mandibular canal might  
be involved. Although there have been no investigations into whether this pre-surgical 
investigation of the mandibular canal indeed reduces iatrogenic nerve damage,  
it is helpful in selecting high-risk cases to establish the safest surgical strategy and 
in communication with the patient about the expected risks and the informed  
consent process. 
To what degree of precision can the position of a mandibular canal  
be determined on CBCT images after manually marking this canal? 
The primary objective of assessing the position of the mandibular canal  
is to prevent damage to the inferior alveolar nerve (IAN). The accuracy of this inves-
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tigation determines the safety zone that should be taken into account. In literature, 
different safety zones are suggested of at least 1 mm to 2 mm and even up to 6 mm 
in the anterior loop region.15-17 In chapter 2, a safety zone of 1.7 mm was advocated, 
when planning surgery on CBCT-based data. This value was based on the deviations 
between different canal tracings and not between a canal tracing and its anatomical  
truth (i.e. the histological slide of the same area). At the time of publication of the 
study in chapter 2, the exact difference between the canal tracing and its real  
anatomic position was still unknown. Therefore, to be safe, at that time, that specific 
safety zone of 1.7 mm was advised.
The results presented in chapter 3 revealed that the position of the canal, when 
assessed on CBCT images, deviates less than the safety zones advocated. To prevent 
damage to the nerve, a deviation of 0.76 mm in all directions should be kept in mind. 
When high-resolution protocols are applied, instead of the applied low-resolution  
protocols, overall quality of CBCT images improves. As for high-quality scans,  
the accuracy of the assessment increases, and probably smaller safety zones are 
needed. However, high-resolution protocols are in contradiction with keeping the 
radiation dose according to the ALARA (As Low As Reasonably Achievable) principle 
and, therefore, they should be applied only in specific cases. 
Does the diameter of a mandibular canal, as measured on CBCT images,  
correspond to its measurements on histological slides? 
The position of the canal was determined by marking the centre of the canal. 
When planning surgery on CBCT images, it is not its centre but the outer surface  
of the canal that is crucial to prevent iatrogenic damage. From the results presented 
in chapter 3, it could be concluded that mandibular canals were displayed smaller 
when investigated on CBCT planes. 
To protect the IAN, an extra radius of 0.37 mm should be added to the already 
0.76 mm deviation in position of the canal. Therefore, a minimal safety zone of 1.13 
mm is advised, when determining the distance from the outer surface of the  
mandibular body towards the outer surface of the canal. This might prevent direct 
trauma to the nerve. There is, however, also a risk for indirect injury, such as thermal  
injury, generated by the rotating burr, compression of bone into the canal and 
haematoma. Therefore, 1.13 mm is the minimum distance that should be taken into 
account.
A drawback of the study is that the mandibular canal was not investigated  
in total. We have tried to find a solution to sort out this problem, but found  
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it challenging. Taking an extra CBCT scan of the cadaver, in which the mandibular 
canal was prepared with a radiopaque substance, might solve this problem. Filling  
up the mandibular canal with a radiopaque substance, however, is difficult. Especially  
towards the mental foramen, the cortical wall of the canal is often absent and  
the filling substance might leak.18 This radiopaque visualized canal could then  
be superimposed over the manually marked canal, allowing deviations between these 
two canals to be calculated along the whole course of the canal. These deviations 
between the radiopaque visualized canals and the manually marked canals, however, 
compromise calculations based only on CBCT views. Also, these are incorrect displays 
of reality. As result, these measurements will be incorrect. Therefore, the need for 
comparisons with histological slides remains. 
How accurate are bone surface size measurements of a mandibular body? 
New insights arose after finalization of the previous studies. Inaccuracies  
in assessing the position of the mandibular canal were not only caused by incorrect 
marking of the canal but also influenced by incorrect imaging of the outer surface  
of the mandibular body. As a consequence, incorrect imaging of the outer surfaces 
also affects surgical procedures, such as dental implant placement and bone  
harvesting procedures.
The results in chapter 4 proved that the dimensions of the mandibular body were 
overestimated when displayed on CBCT views. This meets our clinical experience: 
during surgical procedures, often less bone than presumed is available. Especially  
in borderline cases, it is of extreme importance to be informed correctly. If, for 
example, on the CBCT image sufficient bone volume is observed to allow implant 
installation, while during the surgical procedure the alveolar ridge appears too thin, 
a bone harvesting procedure is required, leading to extra operation time and donor 
side morbidity. Nowadays, particularly in these cases, we pay more attention to the 
‘magnification effect’ of the CBCT, inform our patients about it and already take  
a backup plan into account. It might be of interest to correct this virtually using  
a computer algorithm. In an ideal world, it would be possible to calibrate the CBCT 
scanner to be able to correct for this overestimation. Also, in the reconstruction  
of a virtual 3D model, it would be rather simple to correct for this overestimation.
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Is the cortical layer thickness of a mandible displayed correctly on CBCT views?
In chapter 4, it became clear that the phenomenon of exaggeration of measure- 
ments was also present, when cortical thicknesses were assessed. Unfortunately, 
differences between CBCT measurements and the actual truth (histological slides) 
were so high that cortical thickness measurements on CBCT views are hardly usable 
in clinical practice.
Remarkably, the effect that smaller distances were related to relative higher 
measurement errors was also noticed for other distance measurements. As such, 
mandibular body height measurements showed a higher error compared with the 
measurements of the mandibular body width. This was also the case when the  
position of the mandibular canal was assessed. Smaller distances concerning the 
canal width showed larger deviations than for its height position. The reason that 
smaller distances are more prone to measurement errors is that the negative effect 
of partial volume averaging is higher on small distances. Be aware, especially when 
small distances are measured, that measurement mistakes will be relatively large. 
Is automatic mandibular canal tracing accurate enough to be useful 
in daily practice?
As discussed in chapter 2, a disadvantage of manual mandibular canal tracing 
was its time-consuming characteristic. This was specifically the case when the most 
reproducible method, the combined method, was applied. Because automatic  
mandibular canal tracing might be the solution to shorten the time of analyzing,  
a study was conducted to analyze its potential. 
Unfortunately, as described in chapter 5, differences between the automatic  
tracings and the real anatomical position of the canals were enormous. Deviations 
were much higher compared with manually marked mandibular canal tracings.  
As dimensions of the mandibular body are often small, especially in the edentate 
jaw, this implies that safety zones to prevent nerve damage will be relatively large, 
and thus unworkable. Therefore, proposed techniques are not suitable for clinical 
practice, yet. 
Several studies showed promising results concerning automatic mandibular canal 
tracings.12-14 However, as long as the tracings are not compared with the anatomical 
truth, results are misleading. Therefore, it is advised that future automatic tracing 
methods should be compared with histological datasets as a reference.
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Are CBCT images superior compared with panoramic radiographs in reducing 
the risk for IAN injury when removing third molars?
In the former chapters, assessing the mandibular body and mandibular canal 
without the presence of an adjacent tooth was the topic of study. An additional 
goal of this thesis was to provide insight on the clinical relevance of multi-planar 
assessment of the mandibular canal when the third molar is situated nearby. In OMF 
surgery, indeed, impacted third molar removal is an often-executed procedure with 
an increased risk of damaging the IAN. 
Surprisingly, as described in chapter 6, additional CBCT investigation did not 
reduce post-operative morbidity and had no effect on the quality of life. In the current 
study, whether the surgeons removed the third molar routinely or, based on the 
CBCT data, adjusted their surgical approach was not investigated. When there  
is an increased risk for IAN injury, it could be imagined that the surgeon will expand 
the alveolotomy or divide the roots earlier in order to prevent pressure on the alveolar 
nerve. If the surgical technique remained unchanged, indeed no positive effect of the 
CBCT data could be expected on the outcome. 
 
Of course, besides third molars, also neoplasms, e.g. cysts and carcinomas, can 
compress the mandibular canal. Investigation of such canals is difficult, because the 
cortical wall is often partially absent. In some cases, the canal cannot be identified 
at all, due to resorption of the bony wall of the canal initiated by the pathological 
process. Furthermore, even if only a thin bony wall remains between the pathological 
process and the nerve, the effect of partial volume averaging might result in absence 
of the wall on CBCT views. It should be realized that a neoplasm often has the same 
radiolucency as the nerve. As result, the nerve is difficult to distinguish from the 
surrounding pathological process. 
Which imaging factors on panoramic radiographs and CBCT views indicate  
an increased risk for IAN damage when removing third molars?
Identifying imaging factors that indicate an increased risk for IAN damage during 
third molar removal will be helpful in selecting high-risk patients. The study presented 
in chapter 6 clearly showed that the incidence of temporary IAN injury and permanent 
IAN injury increased when on panoramic radiographs the mandibular canal was 
completely superimposed by the root of the third molar and signs of close relationship 
could be observed. When, in addition, on CBCT images a lingual position of the canal 
relative to the root of the third molar and narrowing of the canal were present, the 
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incidence of temporary and permanent IAN injury was even higher. These two signs 
proved to give the best predictable value for iatrogenic nerve damage.
Before the outcome of this study, all patients, who showed high risk indices  
for IAN injury, were invited for an additional CBCT scan. Nowadays, an additional 
CBCT is recommended when the apex of the third molar lies beneath the inferior  
border of the canal. If, on CBCT views, indeed a lingual position of the mandibular 
canal and narrowing of the canal are present, alternative surgical strategies, such  
as monitoring (conservative management), enlarged alveolotomy or a coronectomy 
are discussed. 
Is there any advantage in tracing extra mandibular canals on CBCT images 
when bifid (BMCs) and even trifid mandibular canals (TMCs) are suspected? 
On panoramic radiographs, the phenomenon of BMCs and even TMCs was  
described. Chapter 7 showed that CBCT images depict these extra canals more  
learly, and they even expose extra canals that previously were not visible on panoramic 
radiographs. The precise consequences of damaging these extra canals remain 
unclear. Separate canals might provide sensation to the same area. In such a case, 
injury to one of the separate nerves might have limited consequences. Some extra 
canals may contain only blood vessels; injury to these canals does not cause any 
sensory deficits. Extra canals are also related to difficulties in achieving local  
anaesthesia.19-21 Therefore, it cannot be expected that all extra nerves supply the  
same region. Based on these findings, it would seem prudent to acquire CBCT  
data when any unusual anatomical features of the mandibular canal are noticed  
on panoramic radiographs. Unfortunately, 3D image-based planning software 
supports only one manual mandibular canal tracing on each side of the mandible. 
In such a case, tracing the canal, which is at the highest risk of becoming damaged 
during the surgical procedure, is advised. 
What are the consequences when other regions of the facial skeleton  
are assessed with CBCT technology? 
This thesis provided a good insight on measurement errors when assessing  
the mandibular body. Also other regions of the mandible are subject of pre-surgical 
assessment.22-26 Assessment of the dimensions of the condyles, joint space and 
condylar position all comprise small distance investigations. The same applies  
to the investigation of the maxilla and periorbital complex.27,28 Obviously, surgical 
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procedures on these locations, e.g. periorbital implant procedures and reconstructive  
procedures, need accurate pre-surgical planning to achieve good function and 
aesthetics. Our conclusion that smaller distance measurements result in larger 
deviations will also apply for these regions. If measurement errors are not taken into 
account, the impact on patients can be enormous. Unfortunately, there is a lack  
of reliable histological studies that calculated the accuracy of the assessments  
of these areas. Although some studies already focused on misinterpretations when 
assessing the maxilla, more research is necessary to improve insight on the accuracy 
of the pre-surgical assessments in other regions of the facial skeleton.27,28
Not only bony structures need attention. The infraorbital nerve is also at risk  
during surgical procedures. This sensory nerve runs forward in the infraorbital 
groove at the floor of the orbit and enters the face through the infraorbital foramen. 
It innervates the lower eyelid and conjunctiva, the side of the nose, the upper lip, 
the upper gum and the upper incisors, canine and premolars. The pathway of the 
infraorbital nerve differs and is often covered with bone, similar to the IAN. Iatrogenic 
damage can result in permanent sensory changes, which then might result in a decline 
in quality of life.29,30 Although CBCT imaging is already used to locate this nerve,  
its accuracy in this region is still unknown, making its added value limited.31
FUTURE ASPECTS
To improve the accuracy of pre-surgical assessment of the mandibular body  
and the mandibular canal on CBCT images, progressions both in CBCT technology  
as in 3D image-based planning software, are still needed. 
CBCT HARDWARE
As described in this manuscript, CBCT imaging is already integrated in daily  
clinical routine. We believe that further development and improvements in the field  
of CBCT imaging will become available in the next decade. Especially the developments 
in more efficient and larger detector panels will resolve the problems associated 
with the relative poor image quality. Due to these developments, the ‘signal to noise’ 
ratios will improve and CBCT systems of the future will provide high quality images 
with a higher contrast. In the meantime, radiation dose will be reduced, as such  
fitting better the ALARA principle.3,32 Furthermore, there is a trend visible  
in manufacturers providing large field of views (FOVs) as well as the option to capture 
detailed information (high-resolution and contrast image) of a smaller FOV. This  
is particularly useful for determining, for example, the track of the IAN in relation  
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to a third molar. Based on the studies performed in this manuscript, we believe this 
will provide optimal information to perform a nerve tracing.  
If the image quality is high enough, it might even be a possibility to perform  
automated nerve tracings. 
CBCT – DEVELOPMENTS IN SOFTWARE
Representation of the actual anatomy
Apart from the innovation on the CBCT hardware, the innovations in software  
development are equally important. One of the major concerns that resulted from 
this thesis was the inadequate representation of the bone dimensions in CBCT 
images. It is highly important for manufacturers to invest in improving their software 
packages by adjusting their reconstruction algorithms. In this way, CBCT images 
will provide an even better representation of reality. First, it should be investigated 
whether the axial, sagittal and coronal slides could be virtually corrected. One way  
to achieve this might be to calibrate the CBCT scanner. Apart from correct information  
represented in the slices, an accurate 3D representation of the actual anatomy  
is of great importance. Today, these 3D representations are used for the design  
of patient specific implants as well as of numerous types of surgical guides. As CBCT 
accuracy will improve in the future, the use of CT images and thus higher radiation 
dose is no longer necessary for these specific treatment plans.
Realistic representation of the mandibular canal
During canal tracing, using NobelGuide™ 3D image-based planning software,  
it was not possible to adjust the diameter of the virtually created mandibular canal. 
In this software package, it was not possible to vary the diameter of the virtual nerve 
tracing. Therefore, the virtually created canal was fixed at 2.0 mm. In reality, diameters 
range up to 5 mm and vary along their course towards the mental foramen.33,34  
Since the publication of the articles included in this manuscript, software development 
has changed over the years. Software has become more intuitive and user friendly. 
Furthermore, software has become virtually more attractive with high quality 3D 
reconstructions (Figure 1). Unfortunately, it is still not possible to adapt the diameter 
of the virtual representation of the traced mandibular canal in implantology software 
packages (e.g. NobelClinician, Simplant, Implant Studio). For software manufacturers, 
the step to expand their 3D planning software package by adding a mandibular canal 
diameter-adjusting tool should not be too difficult. It is believed that this would result 
in an even higher tracing accuracy and correct anatomical representation of the 
mandibular canal.
130
Figure 1. Example of mandiblar canal tracing using IPS CaseDesigner software.  
(KLS Martin Group, Gebrüder Martin GmbH&Co, Tuttlingen, Germany). 
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The future of automatic detection of the IAN 
The development of automatic mandibular canal segmentation methods is still 
ongoing.35-37 
Despite the limitations of automatic nerve tracing described in this manuscript, 
we believe it will become possible to perform this step in the not so distant future.  
If real-time automatic nerve tracing would be possible, it should be integrated  
in planning software for dental implantology. In these cases, automatic warning 
signs could be provided by the computer when implants are planned too close to the 
mandibular canal. Of course, the risk margins described in this manuscript should  
be taken into account. 
Apart from dental implantology, automatic nerve tracing would be highly beneficial 
in the removal of third molars. If automatic nerve tracing would be combined with 
accurate automatic segmentation of the third molar, the computer should be able  
to automatically provide a risk profile. 
A special software package for wisdom tooth removal could be developed based 
on the automatic tracing and segmentation procedure. Our research group already 
introduced a risk assessment in the PhD thesis of Hossein Ghaeminea; this assessment 
can be used as a scientific base for such software tool.
Also in other fields of computer-assisted planning in craniomaxillofacial surgery, 
there is a trend towards further automation and automated diagnosis. The CMF  
software module provided by Brainlab is able to automatically segment a patient’s 
skull in different anatomical regions using an atlas-based mapping algorithm.54,55  
This tool is particularly useful in complex facial reconstructions after trauma,  
e.g. by mirroring unaffected anatomical regions to the side affected by trauma.  
Unfortunately, this tool works correctly only with CT images.
Automatic segmentation could also be a useful tool in virtual orthognathic 
surgery planning. In the future, it should be possible to perform automatically the 
osteotomies and segment the skull into a maxilla and skull base. Automated  
osteotomies on the mandible should also be a possibility. 
Automatic nerve tracing would also be beneficial in orthognathic surgery. Today, 
manual nerve tracing is performed on all patients undergoing orthognathic surgery 
in our clinic. Apart from automatic nerve tracing, simulation of the deformations  
of the nerve following an advancement (and flaring) of the mandible might be a useful 
addition to the software. 
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Hopefully, 3D planning software is also going to provide automatic segmentation 
of other anatomical structures, e.g. the condyle and pharyngeal space, allowing the 
assessment of volume changes.
While the research and development concerning automatic nerve tracing continues, 
manual canal tracing can be upgraded by allowing the reconstruction of a panorama- 
like image, which exactly follows the course of the canal, i.e. from the lingual side  
of the ramus to the buccally positioned mental foramen, instead of only following the 
curvature of the mandible. This would improve tracing accuracy and would be less 
time consuming than the currently available method. 
OTHER IMAGING POSSIBILITIES
Besides CBCT scanning, also other modalities will continue to improve the  
assessment of the mandibular canal. For example, MRI technology continues  
to evolve, introducing new system designs with higher magnetic fields and scanning 
methods that produce improved image accuracy and quality. At present, dental  
magnetic resonance imaging (MRI) scans are available. These dedicated scanners 
have a reduced scanning time and therefore cause fewer movement artefacts. Also 
the development of functional MRI techniques that are sensitive to regional blood 
flow will expand. Nowadays, phase-contrast MRI is able to visualize the inferior  
alveolar artery.38-40 Although the resolution of MRI is still unsatisfactory, it is to  
be expected that this will improve in the next few years. As MRI is based on the  
principles of nuclear magnetic resonance, the nerve itself will be imaged instead  
of the mandibular canal. Whenever MRI images with sufficient resolution will  
be available, automatic segmentation of the IAN will be relatively easy. 
Another imaging modality associated with imaging the IAN in literature is ultras-
onography. Its major advantage is that it can be used intra-operatively.  
In ultrasound-guided IAN injections, especially in reducing complications of a vascular 
puncture and intra-neural injection, ultrasonography is very useful. A disadvantage 
in the field of OMF surgery is that hard tissues, such as teeth and bone, negatively 
affect image quality. However, the results of displaying the IAN in the ramus region 
seem to be promising.39,41,42 
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INTRA-OPERATIVE NAVIGATION
In the past decade, computer-assisted navigation systems, which also can be used 
intra-operatively, have been gaining popularity in dental and cranial maxillofacial 
surgery. With intra-operative navigation, the surgeon is updated continually both  
on the position of the surgical instruments and on the surgical site itself.  
Computer-assisted navigation systems are applied with success in orthognathic  
surgery, post-traumatic reconstructive surgery, oncology and removal of foreign 
bodies. It is also helpful in positioning dental implants. Computer-assisted navigation  
enhances intra-operative safety, because the IAN can be monitored continuously.43-47 
Predominantly CT data have been used until now. CBCT data also have become 
available for this purpose in OMF surgery. This thesis emphasized that CBCT imaging 
can be inaccurate, resulting in inaccurate surgery. Literature is showing promising 
results when CBCT data are combined with intra-operative navigation. The accuracy 
of CBCT imaging is almost equal to that of CT imaging. A limitation, however, might 
be the limited FOV due to the hardware, which can restrict its use.48-53 
Integration of manual or automatic nerve tracing in navigation systems would 
be recommended. This should be mandatory especially in dental navigation systems 
for installing dental implants. These systems should automatically provide warning 
signals whenever the instruments are approaching the mandibular canal.
AUGMENTED REALITY 
Intra-operative imaging technology will change rapidly. Recently Microsoft© 
introduced the HoloLens. This headset enables visualization of holograms in the real 
world. Let us imagine an operation theatre where surgery is combined by holograms 
intra-operatively. This enables visualization of the mandibular canal although it is still 
covered with bone. This technique also makes it possible to project the pre-surgical 
virtual 3D treatment planning on the patient during surgery in dental implant  
surgery and orthognathic surgery. This would mean that the surgeon would be able  
to perform the virtual pre-operative plan in the operating theatre in a step-by-step 
manner. In every step, the surgeon would be guided using augmented reality, and 
the required surgical actions would be projected on the exact correct place on the 
patient (Figure 2).56 In our research group, the first experiments with augmented 
reality have already been conducted. Although there is still a lot of work to do to 
improve this concept, the first experiences with this technique seem very promising. 
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Figure 2. Example of augmented reality during surgery: the virtual images  
of the IAN and osteotomy lines are superimposed onto the real environment in order 
to correct a prominent mandibular angle in a safe manner.56
 
FINAL REMARK
CBCT imaging is helpful in the pre-surgical assessment of the mandibular body 
and canal. Its technology is already integrated in clinical routine. At this moment, 
however, steps need to be made to improve its accuracy. To minimize the human 
component in the pre-surgical assessment, especially when mandibular canals are 
traced, automated annotation will be helpful. To fulfil this wish, progressions both in 
CBCT technology and in 3D image-based planning software are required. Until that 
time, to perform surgery on the mandible in a safe, predictable and effective way, 
surgeons should be aware of the limitations of CBCT imaging.
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l     CHAPTER 9
SUMMARY
In this thesis, the accuracy of the pre-surgical assessment of the mandible,  
and in particular the mandibular body and the mandibular canal, was investigated  
when using cone beam computed tomography (CBCT) images combined with 
three-dimensional (3D) image-based planning software.
The position and the diameter of the mandibular canal and the dimensions  
of bone thicknesses can be assessed in multiple directions. 
The mandibular canal contains the inferior alveolar nerve (IAN), which provides  
sensation to the lower lip and chin region. 3D image-based planning software  
enables manual marking of this canal. As a result, the course of this canal can  
be visualized. In order to mark the mandibular canal, different CBCT planes are used. 
It was unclear which CBCT image or combination of views should be used to optimally 
trace the mandibular canal in a pre-surgical assessment. 
To determine a reliable method to define the proper anatomical position of the 
mandibular canal, first the reproducibility of the mandibular canal tracing was  
investigated using panoramic-like reconstructions, cross-sectional views and the 
combination of both (chapter 2). Five dentate and five edentate patients were selected 
from the CBCT database. Two independent observers traced both the left and the 
right mandibular canal using 3D image-based planning software. The most reproducible 
method to trace the mandibular canal proved to be the combined method. In this 
method, first a quick tracing was performed on panoramic views, followed directly  
by optimal fine-tuning on the cross-sectional images. The inter-observer difference  
ranged up to 1.3 mm (SD 0.4) in 95% of the course of the canal, and the most 
obvious deviations were seen mainly in the anterior part of the canal. This combined 
method proved to be also most time consuming. 
After the previously discribed study was performed, the differences between 
mandibular canal tracings performed on CBCT data and the real anatomic position  
of the mandibular canal was still unknown. To prevent iatrogenic damage to the IAN, 
it is important to be aware of these misinterpretations. The accuracy of CBCT  
investigation determines the safety zone that should be taken into account during 
surgery. 
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In chapter 3, the accuracy of this pre-surgical examination was established  
by comparing the mandibular canals as established on CBCT images with their 
position and dimension as measured on histological slices, the so-called ‘anatomical 
truth’. One dentate and one edentate freshly frozen cadaver head were scanned.  
To mark the position of the mandibular canal as accurately as possible, the combined  
method was used. The mandibles were sectioned and digitalized for histological 
evaluation. Dimensions as measured on these sections were compared with CBCT 
measurements of the same region with the use of 3D image-based planning software.  
The position of the canal deviates up to 0.76 mm compared with its anatomical  
position. The diameters of canals were displayed 0.74 mm smaller when investigated 
on CBCT planes. To protect the IAN, the distance from the outer surface of the  
mandibular body towards the outer surface of the canal should be determined.  
Therefore, a minimal safety zone of 1.13 mm is advised when CBCT data are used. 
Incorrect imaging of the outer surface of the mandibular body and the outer 
cortical mandibular layer will also influence surgical procedures. The goal of the next 
study (chapter 4) was to assess the accuracy of distance measurements of both 
the bone surface size and cortical layer thickness of the mandibular body in CBCT 
planes. 
Again, two freshly frozen cadaver heads were scanned and analyzed. The CBCT 
findings were compared with corresponding measurements on digitalized histological  
sections of the same region. The dimensions of the mandibular body and cortical 
thicknesses, as measured on CBCT views, were overestimated. This phenomenon  
of exaggeration of dimensions was more obvious with smaller distances compared 
with larger distances. The enlargement of the width and height of the mandibular 
body ranged up to 4.4% and 1.1%, respectively. Cortical thickness measurements 
were also depicted thicker, ranging up to 82.6%.
Because manual marking of the position of the mandibular canal is a time- 
consuming procedure, in chapter 5 the potential of several automatic mandibular 
canal tracing methods, developed for the use on CBCT data, was assessed. 
Data, collected from cadaver heads, were used to automatically segment the 
mandibular canal from the mandibular foramen to the mental foramen. In order  
to accomplish this, both a trained Active Shape Model (ASM) and an Active Appearance 
Model (AAM) method were used. Also, a modification of these methods was applied 
in which both foramina were annotated manually, resulting in a semi-automatic  
segmentation. Histological datasets were used as reference. When the AAM method  
was used, differences between CBCT and histological measurements (the real 
anatomical position) varied up to 3.45 mm. When the ASM method was used, these 
differences ranged up to 4.44 mm. Manual annotation of the mandibular and mental 
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foramina resulted in even larger deviations ranging up to 5.60 mm. Because the  
difference between the positions of the mandibular canal, as determined by the 
(semi)automatic tracing methods on CBCT data, and the anatomical truth is still 
substantial, the AAM and ASM methods cannot be used in clinical practice.
In third molar removal procedures, the nearness of the root of the third molar  
to the mandibular canal is assessed routinely on panoramic radiographs. To provide  
additional information, CBCT views are often ordered, to investigate the third molar- 
mandibular canal relationship more thoroughly. The second part of this thesis focused 
on the pre-surgical assessment of CBCT compared with panoramic radiographs  
to investigate the relationship between the third molar and mandibular canal. 
When removing third molars, it is important to keep the risk of damaging the  
IAN as low as possible. The purpose of the study, as presented in chapter 6, was  
to assess the relevance of additional CBCT scans after panoramic radiography  
in reducing the risk of IAN injury when removing third molars. Also, risk factors  
associated with IAN injury were identified. 
The multicentre, randomized, controlled trial included patients who were referred 
for third molar removal and who were diagnosed with an increased risk for IAN  
damage, established on a panoramic radiograph. The criterion for a close relationship 
was defined as a canal that was superimposed more than one-half of the height  
of the mandibular canal by the roots of the third molar. Patients who received  
an additional CBCT scan prior to surgery were selected at random. They were  
assessed on subjective and objective sensory disturbances of the IAN, post-operative  
pain and other post-operative complications. Also quality of life, duration of surgery, 
number of emergency visits and number of missed days of work or study were noted. 
Additional CBCT assessment did not influence the surgical outcome; no significant 
differences for IAN injury and other post-operative morbidity outcomes were  
registered. On the other hand, CBCT imaging enabled identification of high-risk  
factors. When panoramic radiographs showed a completely superimposed mandibular 
canal in the region of the root of the third molar and on panoramic radiographs  
in this region, there were signs of close relationship, e.g. darkening of the roots, 
interruption of the white line of the canal and the incidence of temporary and  
permanent IAN sensory loss was 25% and 11%, respectively. In these cases,  
additional CBCT scans are indicated specifically. The values increased to 58% and 
42%, respectively, when a lingual position in combination with narrowing of the 
mandibular canal at the contact area between the mandibular canal and the roots 
were noticed on CBCT views. If both high-risk signs are present during CBCT  
investigation, alternative strategies, such as monitoring or coronectomy can  
be discussed with the patient. 
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The aim of the study, as described in chapter 7, was to assess the added value  
of performing an additional CBCT scan when bifid mandibular canals and trifid 
mandibular canals are diagnosed on panoramic radiographs, when removing third 
molars. 
Two case reports were presented. They clearly showed that CBCT views  
outperformed panoramic radiographs. CBCT images clarified the exact position and 
amount of the canals. This might prevent damage during surgery, leading to sensory 
disturbances, neuroma or bleeding.
The content of this thesis made clear that CBCT imaging is helpful in the  
pre-surgical assessment of the mandibular body and the mandibular canal. At this 
moment, however, this technology still has its limitations. To perform surgery  
on the mandible in a safe, predictable and effective way, surgeons should be aware 
of these limitations and apply CBCT imaging only in selected cases. 
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SAMENVATTING
In dit promotieonderzoek is de nauwkeurigheid van het chirurgisch vooronderzoek 
van de onderkaak onderzocht, indien er gebruik wordt gemaakt van cone beam  
computed tomography (CBCT) data en 3-dimensionale (3D) beeldvormende planning 
software. In het bijzonder is gekeken naar de corpus manibulae en de canalis  
mandibulae. De positie en de diameter van de canalis mandibulae alsmede  
de verschillende botdiktes van de corpus mandibulae kunnen in verschillende richtingen 
onderzocht worden. 
De canalis mandibilae bevat de nervus alveolaris inferior (NAI). Deze voorziet  
de lip- en kinregio van gevoel. 3D plannings software maakt het mogelijk deze canalis 
handmatig te markeren en zodoende het gehele beloop van de canalis te visualiseren. 
Om de canalis te markeren wordt gebruik gemaakt van CBCT beelden welke de canalis 
vanuit verschillende invalshoeken laten zien. 
Om te bepalen welke CBCT beelden gebruikt moeten worden om de canalis  
zo optimaal mogelijk op de werkelijke anatomische positie te markeren, werd eerst 
de reproceerbaarheid van het markeren onderzocht. Hiervoor werd gebruik gemaakt 
van panoramische beelden, dwarsdoorsnedes en een combinatie van beide  
(hoofdstuk 2). Vijf betande en vijf tandloze patienten werden geselecteerd uit  
de CBCT database. Twee onafhankelijke onderzoekers markeerden bij de patienten  
zowel de linker als de rechter canalis mandibulae met behulp van 3D plannings  
software. De meest reproduceerbare methode  bleek de gecombineerde methode  
te zijn. Dit is de meest tijdrovende methode waarbij eerst een snelle markering wordt 
verricht met behulp van panoramische beelden, waarna een fine-tuning plaatsvind 
met behulp van dwarsdoorsnedes. In 95% van het traject van de canalis zat  
de interobserver afwijking binnen de 1,3 mm (SD 0,4). De grootste afwijkingen werden 
vooral in het voorste deel van de canalis aangetroffen. 
Na dit onderzoek is het verschil tussen de locatie van de canalis mandibulae,  
zoals gemarkeerd op CBCT beelden en de werkelijke anatomische positie van  
de canalis nog onbekend. Deze mate van verschil is echter zeer belangrijk om te weten 
om zo iatrogene schade aan de NAI te voorkomen. De nauwkeurigheid van CBCT 
onderzoek bepaald oa de grootte van de veiligheidszone die gehandeerd dient  
te worden tijdens een operatie. 
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In hoofdstuk 3 wordt de nauwkeurigheid van het CBCT onderzoek naar de positie 
en afmetingen van de canalis mandibulae vastgesteld door deze te vergelijken met 
werkelijke positie en afmetingen op histologische coupes. Hiervoor is gebruik gemaakt 
van CBCT scans van een betande en een onbetande vers ingevroren cadaver.  
De positie van de canalis werd gemarkeerd door de gecombineerde methode  
toe te passen met behulp van de 3D plannings software. Van de onderkaak werden  
histologische coupes gemaakt welke werden gedigitaliseerd en histologisch  
geevalueerd. De metingen verricht op deze coupes werden vergeleken met  
de metingen van de corresponderende CBCT beelden.  De werkelijke positie  
van de canalis varieert 0,76 mm ten opzichte van de positie op CBCT beelden.  
De diameter van de canalis werd 0,74 mm smaller afgebeeld. Om de NAI  
te beschermen moet de afstand van de buitenzijde van de corpus mandibulae  
tot en met de buitenste oppervlak van de canalis mandibulae beplaald worden.  
Daarom wordt een veiligheidszone van minimaal 1,13 mm geadviseerd wanneer  
deze vastgesteld wordt met behulp van CBCT beelden.
Het incorrect afbeelden van de corpus mandibulae en zijn corticale laag beinvloed 
ook chirugische procedures. Het doel van het volgende onderzoek (hoofdstuk 4)  
was het vaststellen van de nauwkeurgheid van het CBCT onderzoek wanneer  
er afstandsmetingen van de corpus mandibulea en van de dikte van corticale laag 
verricht werden. 
Wederom werden twee vers ingevroren hoofden van cadavers gescand  
en geanaliseerd. De CBCT bevindingen werden vergeleken met metingen verricht  
op corresponderende histologische coupes. De afstandsmetingen van de corpus  
manibulae en de corticale dikte zoals gemeten op CBCT beelden bleken een  
overschatting van de werkelijkheid te geven. Dit vergrotingseffect was groter bij het 
meten van kleine afstanden dan bij grote afstanden. De vergroting bij hoogtemetingen 
van corpus mandibulae varieerde tot 1,1% en die van de breedtemetingen tot 4,4%. 
Corticale diktes werden zelfs 82,6 % groter afgebeeld. 
Het handmatig markeren van de canalis mandibulae is tijdrovend. Daarom werden 
in hoofdstuk 5 verschillende automatische methodes om de canalis te identificeren, 
die geschikt zijn voor CBCT technologie, tegen het licht gehouden. 
Data van cadaver hoofden werden gebruikt om de canalis van het begin (foramen 
mandibulae) tot het einde (formamen mentale) automatische te segmenteren.  
Hiervoor werd een Active Shape Model (ASM) en een Active Appearance Model 
(AAM) methode gebruikt. Deze twee methoden werden ook gemodificeerd gebruikt, 
namelijk door beide foramina handmatig te markeren, wat resulteerde  
in semiautomatische segmentatie methodes. Histologie was wederom het  
referentiekader. 
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Het verschil tussen de CBCT beelden en de histologische coupes varieerde  
bij de AAM methode tot 3,45 mm. Als de ASM methode gebruikt werd varieerde 
deze tot 4,44 mm. Het handmatig markeren van de foramina resulteerde zelfs in nog 
grotere afwijkingen (tot 5,60 mm). Omdat het verschil tussen de (semi)automatische 
segmentatie en de werkelijke anatomische posities van de canalis mandibulae  
substantieel is, kunnen deze technieken nog niet gebruikt worden in de kliniek.
Om de positie van de verstandskiezen tov de canalis mandibulae te bepalen, 
wordt in het algemeen gebruik gemaakt van orthopantomogrammen (OPT’s).  
Om de positie van de canalis nog beter in kaart te brengen worden vaak extra CBCT 
beelden vervaardigd. In het tweede deel van van dit promotieonderzoek ligt  
de nadruk op het pre-chirurgische onderzoek op CBCT beelden tov OPT beelden 
wanneer de canalis in de buurt ligt van de verstandskies. 
 
Wanneer verstandskiezen verwijderd worden is het zaak het risico op schade aan 
de NAI zo gering mogelijk te houden. De doelstelling van het onderzoek in hoofdstuk 6  
is het bepalen van de meerwaarde van additionele CBCT scans in combinatie met 
OPT beelden op het verkleinen van de kans op schade aan de NAI tijdens verwijdering 
van de verstandskiezen. Ook zijn er rontgenlogische kenmerken geidentificeerd die 
geassocieerd zijn met een verhoogd risico op schade aan de NAI. 
In een multicenter gerandomiseerd onderzoek met controlegroep zijn patienten 
geincludeerd waarbij op een OPT een verhoogde kans op schade werd waargenomen 
tijdens verwijdering van de verstandskiezen. Het inclusiecriterium voor een verhoogd 
risco was een canalis die meer dan de helft in hoogte overgeprojecteerd werd door 
de wortels van de verstandskies. De patienten die een extra CBCT onderzoek voor 
het verwijderen van de verstandskies kregen werden willekeurig gekozen. 
Bij de patienten werd gescoord op subjectieve en objectieve gevoelsstoornissen 
van de NAI, postoperatieve pijn en andere postoperatieve complicaties. Ook werd  
de kwaliteit van leven, operatieduur, het aantal spoedbezoeken en het aantal gemiste 
werk- en/of studiedagen genoteerd.
 Een extra CBCT scan bleek niet van invloed te zijn op het optreden van 
schade aan de NAI en andere postoperatieve morbiditeit. Echter, CBCT beelden maken 
het wel mogelijk hoog risicofactoren te identificeren. Indien op de OPT beelden een 
volledig overgeprojecteerde canalis door de wortel van de verstandskies werd  
waargenomen met tekenen van contact, zoals het donker kleuren van de wortel  
en onderbreking van de witte lijn van de canalis, werd een incidentie van tijdelijke  
en blijvende gevoelsstoornis aan de NAI waargenomen van respectievelijk 25%  
en 11%. In dit soort gevallen is een extra CBCT scan geindiceerd. Wanneer  
op de CBCT scan een linguale positie van de canalis in combinatie met een versmalling 
van de canalis tpv het contactpunt met de wortel werd waargenomen, namen deze 
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waardes toe tot respectivelijk 58% en 42%. Indien dit wordt waargenomen op een 
CBCT scan kunnen andere alternatieven zoals het voeren van een expectatief beleid 
of een coronectomie besproken worden met de patient.
De studie, zoals beschreven in hoofdstuk 7, had tot doel de toegevoegde waarde 
van een extra CBCT scan te bepalen wanneer er op de OPT beelden een canalis  
mandibularis bifidus en trifidus gezien werd in het kader van verstandskies- 
verwijdering. 
Er werden twee case reports gepresenteerd. Hieruit bleek dat op de CBCT beelden 
de precieze positie en het aantal kanalen duidelijker te zien was. Hierdoor zouden 
gevoelsstoornissen, bloedingen en het onstaan van neuroma voorkomen kunnen 
worden tijdens de verwijdering van de verstandskiezen
Dit proefschrift laat zien dat CBCT scans zinvol kunnen zijn tijdens het chirurgisch 
vooronderzoek van de corpus en de canalis mandibulae. Echter, deze techniek kent 
op dit moment nog zijn beperkingen. Om chirurgie van de onderkaak veilig,  
voorspelbaar en effectief uit te voeren, is het daarom van belang om bekend te zijn 
met deze beperkingen. CBCT scans dienen alleen in specifieke casus gebruikt  
te worden.
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DANKWOORD
Zoals uit dit promotieonderzoek blijkt, is het doen van gedegen onderzoek een 
voorwaarde om tot goede resultaten te komen.
Helaas gaat goed onderzoek niet zelden gepaard met onnauwkeurigheden. 
Ook voor een dankwoord is onderzoek noodzakelijk.
Echter, dit sluit onvolledigheden en onnauwkeurigheden, in het meest gelezen deel 
van dit promotieboek, niet uit. 
Om teleurstellingen te voorkomen wil ik eenieder, die op enigerlei wijze heeft  
bijgedragen aan de totstandkoming van dit proefschrift, via deze weg dan ook  
hartelijk danken.
Zonder anderen tekort te willen doen, wil ik een aantal personen in het bijzonder 
noemen.
Beste professor Meijer, beste Gert,
Jouw positiviteit is ongekend! Je blijft enthousiasmeren. Met jou als promotor 
is het haast onmogelijk een promotietraject niet tot een goed einde te volbrengen. 
De eerste keer dat je mij superviseerde bij een poliklinische behandeling, liet je  
al weten dat je staat voor een “straight to the point” aanpak. Dit bleek gelukkig  
niet alleen jouw chirurgische stijl maar ook jouw manier van begeleiden tijdens  
dit traject. 
Bedankt voor je kennis en kunde, je directheid, je luchtigheid, je humor  
en je mentorschap.
Beste professor Bergé, beste Stefaan,
Onze eerste ontmoeting, mijn sollicitatiegesprek voor een opleidingsplek Mond- Kaak 
en Aangezichtschirurgie, kan ik me nog goed herinneren. Gelijk was er een klik. 
Je hebt me gedurende de opleiding weten te motiveren voor dit promotietraject. Dit 
project valt binnen het 3D lab. Jij, een echte visionair, heb met jouw input, positieve 
energie en leiderschapskwaliteiten het 3D lab inmiddels tot ver voorbij de grenzen 
van het Radboudumc laten groeien. Ik kan alleen maar trots zijn dat ik, middels dit 
proefschrift, mijn kleine bijdrage hieraan heb kunnen leveren. Bedankt voor alles!
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Beste Thomas,
Wat moet ik zeggen? Zal ik het hebben over ons begin samen op de afdeling Mond- 
Kaak- Aangezichtschirurgie? Over jouw fantastische carrière? Het 3D lab met  
al je getalenteerde collega’s? Alle energie die jij in dit project gestoken hebt als 
copromotor? De “ICT afdeling” en hun wachtwoorden generator? Onze stapavonden?  
Je ski en val talent? Je fantastische zoontje? Onze vriendschap? Teveel om op te 
noemen en teveel om  beter niet te benoemen. Ik zal het kort houden: vele malen dank!
Oliver, gebroeder,
Het bleek waar, we zijn een eeneiige tweeling. Hoe kon het ook anders! Verschillend  
en toch zo gelijk. Zo ook onze carrières. Al op het Gymnasium heb ik gebruik kunnen  
maken van je gedrevenheid, jij nam me mee op sleeptouw. 
Motiveren bleef je, ook in onze promotietrajecten. Regelmatig maakten we een  
tussenbalans op en bleek jij doorgaans voorop te lopen. De competitie tussen ons  
is en blijft een grote stimulans. Nu sta je hier als paranimf om mij te steunen. Logisch.  
Bart,
We weten beide nog hoe we elkaar hebben leren kennen. 
Windstilte en regen, de Grote Hegge. Jij kwam in ons tentje en ging niet meer weg. 
Jouw stijl. Niet weg te krijgen! De vele gezellige avonden, altijd later dan gepland, 
we houden ze vol! 
Nu ben ik blij dat je mijn paranimf wilt zijn.  
Monique, lief zusje,
Jouw geduld, rust en relativeringsvermogen zijn ongelooflijk! Bewonderingswaardig 
hoe jij in het leven staat. Ik ben er trots op dat je mijn zus bent!
Dit proefschrift draag ik daarom op aan jou. 
Pap en mam, 
Jullie hebben me altijd gestimuleerd het beste uit mezelf te halen. Ook hebben jullie 
me alle mogelijkheden gegeven mijn dromen te verwezenlijken. 
Ik dank jullie voor jullie interesse, onvoorwaardelijke steun en liefde! 
Tielke
Wat ben ik blij met jou in mijn leven! 
We hebben een goede modus gevonden die, naast promoveren, ruimte overliet  
om samen te genieten van het leven. Het is wellicht ten koste gegaan van de snelheid 
van het promotietraject, maar het plezier is er hierdoor wel in gebleven. 
Met de geboorte van onze doerakken Niek en Stijn hebben we samen een prachtig 
gezin gekregen. Wat een topmoeder ben jij voor onze jongens! Ik geniet iedere dag 
van jou en mijn mannen. Ik houd van jullie! HFL! 
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